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High-level rovibrational characterization of methanediol, the simplest geminal diol, using state-of-the-
art, purely ab initio techniques unequivocally confirms previously reported gas phase preparation of this
simplest geminal diol in its C, conformation. The F12-TZ-cCR and F12-DZ-cCR quartic force fields
(QFFs) utilized in this work are among the largest coupled cluster-based anharmonic frequencies
computed to date, and they match the experimental band origins of the spectral features in the 980-
1100 cm™! range to within 3 cm™2, representing a significant improvement over previous studies. The
simulated spectrum also matches the experimental spectrum in the strong Q branch feature and qualita-
tive shape of the 980-1100 cm™ region. Additionally, the full set of rotational constants, anharmonic
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vibrational frequencies, and quartic and sextic distortion constants are provided for both the lowest
energy C, conformer as well as the slightly higher C; conformer. Several vibrational modes have intensi-
ties of 60 km mol™! or higher, facilitating potential astronomical or atmospheric detection of methane-
diol or further identification in laboratory work especially now that gas phase synthesis of this molecule
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1 Introduction

Methanediol (CH,(OH),), the simplest geminal diol, is a key
intermediate in aerosol chemistry."* It has recently been
identified as a key part of formic acid producing pathways,**
which plays a part in acidification of rainwater® and in cloud
nucleation.® The interactions of stable geminal diols with
byproducts of Criegee-intermediate formation are, subse-
quently, likely vital in atmospheric chemistry.”® Astrochemi-
cally, methanediol is predicted to be formed on interstellar ice
grains®"' and goes on to participate in the formation of
complex organic molecules.

Despite this importance, methanediol has long been elusive to
observe in the gas phase, although it had been experimentally
characterized in aqueous solutions,"*™® through computational
modeling,"”*® and in Ar matrix analysis.”® Most notably, in 2021,
Jian et al. experimentally characterized a portion of the infrared,
gas phase spectrum of methanediol*® through analysis of a
mixture of formaldehyde and water vapour in the gas phase. The
authors also performed computational analysis to assign features
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of the resulting spectra using the B3LYP hybrid functional®**® with
an aug-cc-pVTZ basis set.** They assign the O-C-O antisymmetric
and symmetric stretches as the origin of the rovibrational feature
in the range of 980-1100 cm ™", with experimental band origins at
1580 cm ™" and 1027 cm ™, respectively.

Zhu et al. then reported successful synthesis and detection of
gaseous methanediol in 2021.>> Gaseous methanediol is pre-
pared by exposing methanol-oxygen ices to high energy elec-
trons followed by sublimation. Analysis with photoionization-
reflectron time-of-flight mass spectrometry subsequently iden-
tifies the species together with IR spectroscopy.

Following this, a method for rapid preparation of gaseous
methanediol was reported earlier this year by Chen and Chu.”®
An aqueous formaldehyde solution is evaporated allowing for
measurement of the IR absorption spectrum of the vapour. The
rovibrational feature at 980-1100 cm ™" is free from interference
of water and formaldehyde, and is identified as methanediol
using the computational data from Jian et al. from the experi-
mental band origins and B3LYP/aug-cc-pVIZ rotational para-
meters. While such theoretical confirmation is common,
higher-level methods are really needed in order to verify the
spectral features beyond mere empirically-fitted density func-
tional theory results.

The present work utilizes highly accurate ab initio QFFs to
provide accurate spectroscopic data to comment upon the
identification of the 980-1100 cm ™" rovibrational feature. High
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C> methanediol

Fig. 1 Structures of methanediol conformers, where red atoms are oxy-
gen, black are carbon and white are hydrogen.

Cs methanediol

level QFFs based on coupled cluster theory>”>° produce anhar-
monic vibrational frequencies that are often within 5 cm™* of
experiment and 30 MHz for rotational constants.**™** In this
work the newly developed F12-TZ-cCR and F12-DZ-cCR QFFs,
which produce exceptional accuracies of better even than
1 cm ™" for vibrational frequencies in many cases,*® are utilized
to attain this high accuracy for modest computational cost. The
spectroscopic data provided by this work will also aid in
possible future detections of methanediol in laboratory synth-
esis or in the interstellar medium. With the advent of the new
approach for synthesizing methanediol in the gas phase from
Chen and Chu, these rovibrational spectral data are absolutely
essential for complete rovibrational characterization of this
molecule.

2 Computational methods

QFFs are utilized in this work in order to efficiently compute
the anharmonic vibrational frequencies and other spectro-
scopic data for both the Cs and C, conformations of methane-
diol (Fig. 1). The F12-TZ-cCR and F12-DZ-cCR approaches are
utilized as the cheaper and more accurate alternative than
other more costly composite QFF methods.”* These approaches
are based on coupled cluster theory at the singles, doubles, and
perturbative triples [CCSD(T)] level of theory””>° with the
explicitly correlated F12b formalism (CCSD(T)-F12b).**

First, the geometries for both conformations of methanediol
are optimized. The cc-pCVTZ-F12 and cc-pCVDZ-F12 basis sets
along with the CCSD(T)-F12b method are employed including
core electron correlation for the F12-TZ-cCR and F12-DZ-cCR.
Since the F12-DZ-cCR QFF only differs in basis set quality, the
double zeta level is used to evaluate the accuracy of a cheaper
method and to determine if the double zeta quality can produce
accurate results for a lower computational cost. After the
optimized geometries are obtained for both conformations,
single-point CCSD(T)-F12b energies including core electrons
and an additional CCSD(T) Douglas-Kroll scalar relativistic
correction”® are computed for a set of displacements using
symmetry internal coordinates. The symmetry internal coordi-
nates for the C confirmation of CH,OH, are given in eqn (1)-
(15), requiring 19585 total displacements. C, methanediol
coordinates are given in eqn (16)-(30) and require slightly
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fewer, specifically 19 525 total, displacements to construct the
QFF. The H; and H, atoms are attached to the central carbon
atom, and Hj is attached to O, with H, attached to O,. These
represent some of the largest coupled cluster-based QFFs
computed to date. Additionally, they contain three heavy atoms
making them among the most computationally-intensive, large
QFFs computed thus far.

Following computation of the single point energies, a least-
squares fit is performed to generate force constants, followed
by a refit to zero the gradients. INTDER2005*” then transforms
the force constants from symmetry-internal to Cartesian coor-
dinates. SPECTRO,*® which uses second-order rotational and
vibrational perturbation theory (VPT2),**' is then used in
order to calculate the rovibrational spectral data for both
conformations of methanediol. Fermi, Coriolis, and Darling—
Dennison resonances included in the VPT2 calculations are
given in Table S1 (ESIT). Considerations of nuclear spin are left
for future work as these would require additional computations
beyond the QFFs generated here.

The Molpro quantum chemistry software*® is used in most
cases save for MP2/aug-cc-pVTZ anharmonic intensities from
GAUSSIAN16.>> From these data, theoretical spectra is gener-
ated with PGOPHER,”? using a Gaussian value of 0.45 cm™ " for
the line widths and using relative anharmonic intensities and
other spectral data calculated herein. The simulation is per-
formed at 298 K similar to the experimental conditions of Chen
and Chu.”®

Sy(a’) =H;-C (1)

Sy(a’) = Hy=C (2)

S3(@’) = (0,-C) + (0,-C) €)

Sa(a’) = (01-Hs) + (02-Hy) (4)

Ss(a’) = £ (H4-C-H,) (5)

S¢(a’) = £ (04-C-H,) + £ (0,-C-H;) (6)
S,(a’) = £ (C-04-H3) + £ (C-0,-H,) (7)
Sg(@’) = 1(0,-C-H;-H,) — 1(0,-C-H;-H,) (8)
So(a’) = 1(H3-0,-C-H;) — 1(H4-0,-C-H,) 9)

S10(@") = (C-04) + (C-0,) 10)

Sll(a/l) = (OI_HS) + (02_H4) 11)
S1,(a") = £ (01-C-H,) + £ (0,-C-H,) 12)
S13(a") = £(C-0,-Hj) + £ (C-0,-H,y) 13)

S14(a”) = 1(0,-C-H;-H,) — 1(0,-C-H;-H,)
Sy(a) = (C-H,) + (C-Hy)

Sy(a) = (C-04) + (C-0,)

(
(
(
(
(
S15(@”) = 1(H3-0,-C-H;) — 1(H4~0,-C-H;) (15)
(
(
S3(a) = (01-H;) + (0,-H,) (
(

S4(@) = £ (H;— C-Hyp)
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Fig. 2 Convolved F12-TZ-cCR spectra (black) from the corresponding 1o
(blue) and v4; (orange) features overlaid with experimental spectra (purple)
and B3LYP (green) from Chen and Chu.2®

Ss(a) = £ (0:-C-Hy) + L (0,-C-H,) (20)
Se(a) = £ (C-04-Hj) + £ (C-0,-H,) (21)
S,(a) = 1(0,-C-H;-H,) + 1(0,-C-H,-H,;)  (22)
Sg(a) = 1(H3-0,-C-H;) + 1(H,~0,-C-H,) (23)
Ss(b) = (C-H,) — (C-Hy) (24)

S10(b) = (C-04) — (C-0») (25)

Table 1 C, Methanediol anharmonic vibrational frequencies in cm™
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S811(P) = (04-Hs3) — (0,-H,) (26)
S12(b) = £(0,-C-H;) — £ (0,-C-H,) (27)
S13(b) = £(C-04-Hj) — £(C-0,-H,) (28)
S14(b) = 7 (0,-C-H,-H,) — 7(0,-C-H,-H,)  (29)
S15(b) = 1(Hy-01-C-H,) — 1(H;-0,-C-Hy)  (30)

3 Results and discussion

The simulated, pure ab initio F12-TZ-cCR spectra for the
combined v, and v;; C=O antisymmetric and symmetric
stretches, respectively, (including the vibrationally-averaged
rotational constants of both fundamentals) for the C, confor-
mation of methanediol is shown in Fig. 2. In the top portion,
the black computed spectrum almost exactly matches the
experimental IR data of Chen and Chu for this rovibrational
feature in the 980-1100 cm ™' range.>® This provides unambig-
uous confirmation of Chen and Chu’s successful preparation of
methanediol in the gas-phase. The F12-TZ-cCR spectrum addi-
tionally matches with the authors’ previous spectrum produced
with experimental band origins and B3LYP/aug-cc-pVTZ rota-
tional constants, also shown in green in the bottom of Fig. 2.
The strong Q branch feature arising from the a-type v,, transi-
tion as well as the shoulder from approximately 980 cm ™" to
1060 cm ™', consisting of both the P branch of 14, and the b-type
vy, rovibrational feature, strongly support this feature arising
from the presence of methanediol. The individual contribu-
tions from the 1, and 14, features to the overall spectrum can
be seen in the blue and orange traces in the bottom of Fig. 2 as
well as in Fig. S1 (ESIt) Only the C, conformation is considered
in the spectral simulation, as the relative, anharmonic, zero-
point energy-corrected energy between the two conformers is
calculated to be 781.28 cm ™" at the F12-TZ-cCR level, resulting
in a negligible Boltzmann ratio of 0.02 for C relative to C, at

F12-XZ-cCR Jian et al.** Lugez et al.>*? Barrientos et al.'”
Mode Description TZ DZ Int.” B3LYP Gas Phase Argon Matrix MP2 QCISD
v1(a) sym. OH stret. 3647.6 3651.4 30 3617 3638.8-3637.6 3648 3711
v,(b) anti. OH stret. 3647.9 3651.7 50 3612 3564.4 3648 3710
v3(b) anti. CH stret. 2978.4 2978.6 33 2937 2977.7 3020 3007
v4(a) sym. CH stret. 2923.3 2929.3 31 2897 2807 2956
vs(a) CH, sciss. 1503.6 1505.4 1 1486 1374 1498
ve(b) CH, wag. 1404.5 1414.0 30 1413 1425.7-1424.4 1441 1413
vy(a) CH, twist 1351.4 1358.6 2 1354 1358.7-1353.8 1350 1360
vg(b) anti. COH bend 1334.2 1339.4 18 1311 1334.6 1329 1341
vo(@) sym. COH bend 1198.7 1196.5 2 1176 1188 1178
v10(b) anti. OCO stret. 1060.5 1060.7 267 1012 1058 1056.5-1055.4 1048 1070
v14(a) sym. OCO stret. 1029.3 1028.3 95 1003 1027 1019 1024
v12(b) CH rock 1013.3 1010.9 18 1006 1010 985
v13(a) OCO bend 544.1 545.4 50 554 547.7-545.4 538 545
v14(a) sym. COH torsion 358.6 366.4 64 376 368 366
v15(b) anti. COH torsion 325.0 333.0 149 367 333 349

“ Anharmonic intensities given in km mol " calculated at the MP2/aug-cc-pVTZ level. * Assignments given here differ from those originally

estimated by Lugez et al.
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298 K imply that the C; form will have no observable contribu-
tion to the spectrum generated previously.

Additionally, the calculated frequency of the v;, antisym-
metric O-C-O stretch at 1060.7 cm™*, given in Table 1, lines up
almost exactly with the experimental data of Jian et al at
1058 cm™".*! This is a significant improvement over the pre-
vious B3LYP/aug-cc-pVIZ computations, which place the v,
frequency at 1012 cm ™" before empirical correction. The F12-
TZ-cCR QFF VPT2 vy; symmetric O-C-O stretch at 1028.3 cm ™
also agrees excellently with the experimental value of
1027 em ™~ '. The purely uncorrected, ab initio F12-TZ-cCR data
produced in this work, furthermore, agrees significantly more
closely with Jian et al’s experimental data than does the
previous theoretical work given in Table 1 utilized to confirm
the gas phase presence of methanediol. The other, previous,
scaled harmonic QCISD work of Barrientos et al.'” places vy, at
1070 cm ™! and vy at 1024 cm ™}, which are the closest values
from previous theory even though they are 10 cm " and 3 cm™*
away from experiment, respectively.

F12-TZ-cCR also compares well with the Argon matrix data
from Lugez et al.*>® The v; frequency agrees within 1 ecm™', as
does the vg frequency. The 140, 13, and v, frequencies agree to
within 4 em™". The other fundamental frequencies agree rea-
sonably, with the largest difference being the v frequency with
a difference of 20.1 cm ™" from the experimental lower bound.
Agreement is generally closer between the Argon matrix data
and that from the F12-TZ-cCR QFF than any previous theory,
with a couple of exceptions. For the v, mode, the scaled QCISD
data of Barrientos et al. matches 1.1 em™" more closely to the
upper bound than F12-TZ-cCR does to the lower bound. Simi-
larly, for the 1,3 mode the QCISD data matches more closely by
0.9 cm~'. The QCISD data and Jian et al’s B3LYP data are
approximately 10 cm™ " closer for the v5 mode, also. However,
no other data are as consistently representative as that reported
herein implying that this full set of fundamental, anharmonic
frequencies are the most accurate produced to date.

Rotational constants from this work and previous theory are
given in Table 2. Similar agreement is seen across levels of
theory, but the F12-TZ-cCR values are known to be within
7.5 MHz (0.05%) of experiment implying that these computed
herein should be exceptionally reliable.*® Additionally, the
vibrationally-averaged rotational constants are provided herein
for every vibrational mode by the F12-XZ-cCR theories. Distor-
tion constants are also give in Table 3, providing the means to
simulate accurate spectra for additional rovibrational features
of methanediol.

The 14, and vy, frequencies have the highest intensities for the
C, conformation, at 95 and 267 km mol ', thus the previously
reported rovibrational feature at 980-1100 cm ™' will likely be the
most significant fingerprint for gas phase methanediol. The vy,
and 145 frequencies have respectable intensities at 64 and
149 km mol*, respectively, providing an additional means of
detecting this molecule in the far infrared/terahertz region.

Table 5 gives anharmonic vibrational frequencies for the Cs
conformation of methanediol. This conformation, although
higher in energy, has a significantly higher dipole moment of
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Table 2 C, methanediol rotational constants in MHz

F12-cCR Jian et al.**  Barrientos et al."’
Parameter  TZ DZ B3LYP CCSD(T)/avVTZ
A, 42038.1 42001.5 41973.9 41669.1
B, 10290.7 10272.4 10118.0 10183.5
C, 9112.2 9097.8 8981.8 9017.7
Ay 41613 41566.3 41548.2
By 10205.8 10190.5 10043.0
Co 9018 9004.8 8891.8
Ay 41473.2 41426.8
B; 10204.7 10189.5
Cy 9015.6 9002.5
A, 41467.1 41421.7
B, 10204.8 10189.6
C, 9015.5 9002.4
Az 41547.3 41500.3
B3 10219.7 10204.6
C; 9026.1 9013
Ay 41500.9 41454.2
B, 10212.1 10196.9
Cy 9024.7 9011.5
As 41520.8 41474.4
Bs 10193.4 10178.1
Cs 9009.4 8996.3
Ag 41566.6 41519.7
Bg 10211.6 10196.1
Ce 9012.5 8999.3
Ay 41645.8 41595.7
B, 10204.4 10189
(o)) 9048.9 9034.8
Ag 41511.7 41464
Bg 10206.7 10191.8
Cg 8982.2 8969.9
Ag 41537 41489.4
By 10188.1 10173.4
Co 9006.5 9003.2
Aqo 41298.8 41254.2 41254.4
Bjo 10147.6 10132.5 10004.1
Cio 8968.2 8955.2 8828.9
Aqq 41692.5 41657.6 41734.1
Biq 10162.5 10147.2 9998.1
Ci1 8986.7 8973.6 8870.9
Ars 41403 41345.3
B, 10176.8  10161.5
Ci 8990.2  8967.2
Aqz 41822.4 41774.6
By, 10174.4  10159.5
Cis 8984.4  8971.3
Ar, 41958.6  41908.9
B, 10185.7  10175.9
Cus 9002.8  8991.5
A 41399.8  41336.9
Bis 10224.8  10208.8
Cis 9008.4  8994.6

2.72 D (Table S6, ESIt) compared to the 0.055 D dipole moment
of the C, conformation, potentially rendering it detectable in
the microwave region if present in high enough concentrations.
It also has several bright intensity fundamental vibrational
frequencies which may give rise to distinct spectral features
at high temperatures. The ;4 and vy, frequencies are excep-
tionally bright, with intensities of 237 km mol ' and
112 km mol ', respectively, and the r;5 frequency has a
respectable intensity of 64 km mol™'. Looking at F12-TZ-cCR,
the v, frequency of the C,; conformation is shifted by 5.2 cm ™"
from the corresponding frequency of the C, conformation,

Phys. Chem. Chem. Phys., 2022, 24, 18552-18558 | 18555
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Table 3 C, methanediol distortion constants
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Table 5 C, methanediol anharmonic vibrational frequencies in cm™*

Parameter Units F12-TZ-cCR F12-DZ-cCR
4; KkHz 10.924 10.904
Ax kHz 417.637 418.185
A MHz —0.0516 —0.0517
9 KkHz 2.274 2.272
Ok kHz 23.341 23.353
@, MHz 22.93 23.518
Dy Hz 15.352 15.307
o MHz 97.769 95.849
By Hz —3.604 ~3.599
b MHz 10.361 10.651
b MHz 147.597 160.424
br Hz 6.6 6.85

1ty D 0.06

u D 0.06

while the vy, frequency has a negligible intensity of 26 km mol .
This may result in potential, high-temperature astronomical
spectra presenting a less prominent shoulder than seen in the
980-1060 cm ™! region of Fig. 2 for the C, conformation. The v,
frequency has a nearly overlapping origin with the v;5 fre-
quency of the C, conformation, at 336.2 cm™ " compared to
332.5 cm ™! for F12-TZ-cCR, which may result in an appreciable
change of this feature at high temperatures. Frequencies from
previous theoretical work are also given in Table 5 for the C;
conformation. Additionally, rotational constants, distortion
constants and geometrical parameters are given in Tables S5
and S6 (ESIf), allowing for modelling of spectra for this
conformation.

Comparison between F12-TZ-cCR and F12-DZ-cCR is quite
favorable for the latter for both conformations. For the C,
conformer, the anharmonic vibrational frequencies have a
mean absolute difference (MAD) of 4.0 cm™'. The bright v,
and v, frequencies have a difference of 0.2 cm™* and 1.0 cm ™ ?,
respectively. Similarly, the rotational constants for F12-DZ-cCR
have an MAD of 25.2 MHz relative to F12-TZ-cCR. The geome-
tries for each method, given in Table 4, are nearly identical.
Distortion constants, given in Table 3 also compare reasonably,
with the possible exception of the ¢; constant, with a differ-
ence of 12.827 MHz between the two methods.

In comparing F12-TZ-cCR and F12-DZ-cCR for the C; confor-
mation, the vibrational frequencies have an MAD of 3.4 cm ™.
The bright intensity v, 111, and v44 frequencies differ by 1 cm™
or less between the two methods, although the reasonably
intense v, 5 frequency is 12.2 cm ™~ ' higher for F12-DZ-cCR, which

1

Table 4 C, methanediol geometry

Parameter Units F12-TZ-cCR F12-DZ-cCR
ro(C1-H2/3) A 1.100 1.100
ro(C1-04/5) A 1.409 1.410
ro(04-H6) A 0.949 0.949
ro(05-H7) A 0.949 0.949

£ o(C1-H2-H3) deg 109.945 109.932

£ o(C1-04-H2) deg 111.775 111.777

£ ¢(C1-05-H3) deg 111.775 111.777

/ ¢(04-C1-H6) deg 108.266 108.158

L o(05-C1-H7) deg 108.266 108.158

18556 | Phys. Chem. Chem. Phys., 2022, 24,18552-18558

Barrientos
F12-XZ-cCR Jian et al.** et al.*’

Mode Description TZ DZ Int.“ B3LYP MP2 QCISD
v,(a") anti. OH stret.  3665.3 3668.4 20 3623 3669 3725
vy(a') sym. OH stret.  3662.5 3665.8 47 3622 3667 3724
v3(a’) CH, stret. 2995.1 2993.3 21 2980 3053 3042
v4(a’) CHj stret. 2885.1 2890.2 47 2864 2846 2926
vs(a’) CH, sciss. 1495.3 1499.5 1 1478 1451 1487
ve(@’) CH, wag 1408.1 1414.9 20 1404 1416 1405
v,(a’) CH, twist 1372.2 13709 17 1363 1359 1380
vg(@”) COH bend 1344.6 1342.5 1 1320 1336 1343
vo(a") COH bend 1140.3 1142.8 55 1149 1131 1138
v10(d”) anti. OCO stret.  1055.3 1054.3 237 1029 1040 1065
vis(@’) sym. OCO stret.  1055.4 1052.4 26 1004 1048 1044
vi(a’) CH, rock 997.1 999.2 54 980 995 976
v13(a’) OCO bend 537.0 535.2 11 526 530 525
v14(@’) sym. COH torsion 336.2 336.5 112 307 331 363
v15(a@”) anti. COH torsion 119.6 131.8 64 63 112 155

¢ Anharmonic intensities given in km mol " calculated at the MP2/aug-
cc-pVTZ level.

is the largest discrepancy between the two QFFs. The geome-
tries, given in Table S4 (ESIT) are virtually identical. The distor-
tion constants are similar with the exception of the 4, constant,
which is 2.816 kHz for F12-TZ-cCR versus 4.906 kHz for F12-DZ-
cCR. The rotational constants between the two methods have an
MAD of 25.5 MHz for the C; conformation.

4 Conclusion

Simulated spectra from state-of-the-art, purely ab initio F12-TZ-
cCR QFFs confirm the assignment of the 980-1100 cm™*
rovibrational feature reported by Chen and Chu®® as arising
from gaseous methanediol. The unadulterated F12-TZ-cCR rovi-
brational spectrum matches exceptionally well with the experi-
mentally observed spectral features arising from the v, and vy,
vibrational transitions and agrees with the experimental band
origins to within 3 ecm™". Additional rovibrational data are also
provided in order to produce a complete rovibrational spectral
characterization of this molecule in both C, and C; conforma-
tions. Most notably, the C; conformation, lying only 781 cm ™"
(9.34 k] mol %) above the 0.055 D C,, has a much larger dipole
moment at 2.72 D implying that microwave studies and radio-
astronomical observations would be more likely to find this
higher-energy C; conformer than the C,. The F12-DZ-cCR
approach is additionally shown to achieve excellent accuracy
relative to the more costly F12-TZ-cCR, with an MAD of 4.0 cm ™"
relative to the latter for vibrational frequencies and 25.2 MHz for
rotational constants for the C, conformation. The data provided
herein should serve to facilitate possible future astronomical or
atmospheric detection of methanediol as well as further classi-
fication and examination in the laboratory.
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