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We recorded the rotational spectra of six isotopologues of the most stable conformer of 1,2-butanediol in
the 59.6—74.4 GHz frequency region. The observed species are the four monosubstituted '3C, the
OD---OH and the OD---0D, and the measurements were performed using a Free-Jet Absorption Milli-
meter Wave spectrometer. The analysis of the 18 experimental rotational constants determined for all
the isotopologues together with those of the parent species, lead to the determination of the coordinates

in the principal axis system for the substituted atoms. From the theoretical structure, calculated at the
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1. Introduction

Diols belong to an important class of chemical compounds with
several applications and particular characteristics. Regarding their
reactivity, diols are used in the synthesis of polyurethanes and
polyesters and have recently attracted the attention for these ap-
plications in the bio-based industry [1,2], they are also used in
cryopreservation [3] and as stabilizers for proteins [4]. Diols are also
related and bear similarity to biological building block molecules
such as sugar alcohols, therefore there is particular interest in the
study of their structures and conformations [5-12], intra- and
inter-molecular interactions [6,8-10,12], vibrational motions
[13—16] and chirality [ 15,17]. As complex organic molecules (COMs)
and constituents of biological building blocks there is also consid-
erable interest in the search of diols in space because of their im-
plications in the question about the origin of life [18]. Laboratory
rotational spectroscopy data in the microwave, millimeter and
submillimeter wavelength are necessary for the unique

* Corresponding author. Dipartimento di Chimica “G. Ciamician”, via Selmi, 2,
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B3LYP-D3/aug-cc-pVTZ level of theory, a refinement of the structural parameters led to a partial rp ge-
ometry, which reproduced all the rotational constants within 1.3 MHz.

identification of the molecules in astronomical observations or
surveys, and based on their rotational frequencies, more than 200
molecules have been identified in space [19—21]. Rotational spec-
troscopy performed in supersonic expansions have been proved to
be particularly suitable to investigate complex spectra generated by
molecules [22] and weakly bound molecular complexes [23,24]. In
particular, those experiments allow to identify multiple conformers
of a flexible molecule [25], different tautomers [26,27] and different
isotopologues [28].

The study of the different isotopologues of a molecule is of
importance for different reasons. From a structural point of view,
the analysis of the changes in the rotational constants upon isotopic
substitution, allows the determination of the position of the
substituted atoms without any a priori assumptions [29]. If the
collection of a complete set of data including all the isotopes is not
possible to achieve, a partial structure can be obtained by refining a
structure obtained as result of quantum chemical calculations to
reproduce all experimental data [30]. From an astrochemical point
of view the detected abundance of different isotopologues of a
molecular species can give additional information on reaction
mechanisms of formation [31] or on the environment in which the
molecule is found or formed [32].



Fig. 1. Theoretical (B3LYP-D3/aug-cc-pVTZ) structure of 12BTD drawn by means of the
UCSF Chimera program [56].

Diols are particular important in the context of astrochemistry
because of their similarity with important biological building block
molecules such as sugar alcohols. Ethylene glycol, the simplest diol,
being constituted by ten atoms, is one of the largest COMs detected
in space so far, as attested by the Cologne Database for Molecular
Spectroscopy [19-21].

Higher order diols have all been studied in the laboratory and
different propanediols have been searched for in several astro-
nomical surveys but they have not yet been detected (for a com-
plete discussion see Ref. [33] and references therein). Regarding the
spectroscopy of diols, rotational spectroscopy investigations are
reported for all diols with a linear carbon chain containing up to
four carbon atoms. Besides 1,2-butanediol (12BTD) [33], which is
the object of this study, the following molecules have been inves-
tigated: ethylene glycol or 1,2-ethanediol [5,13,14,34—37], 1,2-
propanediol [6,9,38,39], 1,3-propanediol [8,15], 1,3-butanediol
[7,10], 2,3-butanediol [17], and 1,4-butanediol [12]. Even though
diols may exist in several distinct conformations, the more stable
structures are those stabilized by the intramolecular hydrogen
bond between the two hydroxyl groups and actually, only this
family of conformers was detected in all cited studies by laboratory
rotational spectroscopy.

In this paper, we continue our investigation on the most stable
conformer of 12BTD and report the analysis of the rotational
spectra of all mono-substituted '>C isotopologues and two deute-
rium enriched species observed with a Free Jet Absorption Milli-
meter Wave (F]-AMMW) spectrometer working in the
59.6—74.4 GHz frequency range.

2. Experimental methods

The rotational spectrum of 12BTD (C4H1902) was recorded in the
59.6—74.4 GHz region using a Stark-modulated FJ]-AMMW spec-
trometer with a resolution of about 300 kHz and estimated un-
certainties for the measurements of about 50 kHz. The main
features of the spectrometer have been previously described
[33,40,41).

12BTD (purity 98%, molecular weight 90.121 g/mol) was pur-
chased from Sigma-Aldrich and used without any further purifi-
cation. It appears as a colorless, viscous liquid at ambient
conditions. The melting point is —50 °C (223 K) and the boiling
point is 191—192 °C (464—465 K). Argon, purchased from SIAD
(Societa Italiana Acetilene e Derivati), was used as carrier gas.

The sample was heated to about 80 °C (353 K) and a stream of
Argon (Py = 20 kPa) was flowed over it and then expanded to about
Py, = 0.5 Pa through a heated 0.3 mm diameter pinhole nozzle. In
the same conditions, D,0 at a concentration of about 1% was added
to the flux of Ar to generate the hydroxyl deuterated species.
Relative intensity measurements on the observed Q-branch bands
of the parent species match with a rotational temperature of the jet
of 3 K in Argon expansion [33].

3. Results and discussion

The conformational space of 12BTD was analyzed in detail with
quantum chemical methods at the B3LYP-D3/aug-cc-pVTZ level of
theory in our previous work [33]. All conformations characterized
by the stabilizing hydrogen bond between the hydroxyl groups
were optimized and the relative spectroscopic parameters derived
theoretically. Based on those calculated data, the spectra of six
different conformers were recognized in the 59.6—74.4 GHz range,
allowing for the assignment and the determination of the rotational
and centrifugal distortion constants. Among the observed species,
the signals of the lowest energy one (depicted in Fig. 1, where the
atom numbering and the orientation of the principal axes system,

Table 1
Experimental transition frequencies (v) and residuals (o-c), all in MHz, of 12BTD">C isotopologues.
J K3 K ] Ky Ke (1) c(2) C(3) C(s)
v 0-C v 0-C v 0-C v 0-C

5 5 = 4 4 * 72176.83 0.03 71678.13 -0.01 72228.63 0.03 71630.28 0.00
5 4 1 4 3 2 60083.71 0.04 59761.99 -0.11 60217.56 -0.07 59727.40 0.00
5 4 2 4 3 1 59760.96 0.05 60216.57 0.13 59726.27 0.08
6 4 2 5 3 3 63633.10 -0.04 63371.30 0.06 63851.38 0.00 63338.77 -0.04
6 4 3 5 3 2 63629.06 -0.01 63366.51 0.07 63846.57 -0.06 63333.88 -0.06
7 4 3 6 3 4 67181.53 0.06 66979.37 0.08 67484.01 0.03 66949.22 0.10
7 4 4 6 3 3 72228.60 0.0 66964.76 -0.06 0.03 66934.37 -0.10
8 4 4 7 3 5 70729.02 —0.04 70550.47 -0.09 71116.21 -0.08 70559.00 0.01
8 4 5 7 3 4 70698.19 -0.10 71080.18 70522.18 -0.05
9 4 5 8 3 6 74277.30 -0.04 74195.86 0.04 74170.34 0.04
9 4 6 8 3 5 74209.52 0.04 74115.73 -0.06 74089.30 0.04
9 3 6 8 2 7 62811.80 0.06 62978.41 0.04 63434.12 0.05 62971.81 0.02
9 3 7 8 2 6 61196.79 0.05 61188.00 0.08 61651.03 0.02 61167.16 0.01
10 3 7 9 2 8 66718.40 -0.01 66987.51 0.03 67465.63 -0.01 66986.60 0.01
10 3 8 9 2 7 64208.34 -0.01 64209.09 -0.04 64698.41 0.00 64186.69 0.01
9 3 6 8 2 7 62811.80 0.06 62978.41 -0.04 63434.12 0.05 62971.81 -0.02
9 3 7 8 2 6 61196.79 0.05 61188.00 0.08 61651.03 0.02 61167.16 -0.01

@ Asterisks indicate asymmetry degenerate transition.



PAS, are also indicated) were particularly intense. As a continuation
of this previous study, the rotational spectra originating from
different isotopologues of this conformer, were searched for in the
recorded spectrum. The overall intensity of the spectrum allowed
indeed the observation of the transitions originating from the four
13C mono-substituted isotopologues (see Fig. 1) in natural abun-
dance while the deuterated enriched species were generated with
the procedure described in the previous section. For the parent
species, the transitions observed in the spectrometer’s frequency
range were p, R-type transitions with rotational quantum number J
ranging from 9 to 13 and K; from O to 10, up, R-type transitions with
rotational quantum number J ranging from 5 to 28 and K, ranging
from O to 8 and u. R-type transitions with rotational quantum
number J ranging from 5 to 20 and K, from 1 to 8. The natural
abundance of '3C is about 1%, thus only the most intense lines were
observed in the spectrum for the mono-substituted species while
many more lines were observed for the deuterium enriched sam-
ples. The transitions were fitted via Pickett's SPFIT program [42]
using a standard Hamiltonian containing quartic centrifugal
distortion constants and, because 12BTD is a near-prolate asym-
metric top, the S-reduction and I*-representation were selected
[43]. All the measured transitions are reported in Tables 1 and 2
while the fitted spectroscopic parameters for the parent species
and all the observed isotopologues can be found in Table 3. The fact
that only one deuterated species (the one with the deuterium
involved in the hydrogen bond) could be observed, is puzzling but
similar phenomena have been observed in weakly bound hydrogen
bonded cluster where in several cases it was impossible to observe
the species deuterated on the free hydrogen. This is generally
attributed to the higher stability of the deuterium bond over the
hydrogen bond [44,45].

The determined rotational constants together with those of the
parent species [33], allowed the calculation of the rs structure
through Kraitchman's substitution method [46]. This analysis
determined the coordinates of the substituted atoms in the PAS of
the reference species from the changes in the principal moments of
inertia, resulting from a single isotopic substitution. The main
assumption of this analysis is that the observed structures are not
affected by the mass dependence of the vibrations of the molecule
and that the inertial axes are not significantly shifted by the change
in mass. The rg coordinates for all monosubstituted atoms are re-
ported in the first column of Table 4. Regarding the doubly hydroxyl
deuterated species, the reference molecule was assumed to be the
mono-deuterated one. The rs coordinates for these two hydrogens
in the corresponding PAS are reported in Table 5. The inspection of
the results reported in Tables 4 and 5 show that the substitution
method fails to reproduce the position of the atoms when the co-
ordinate is very close to zero. In these cases the square of the co-
ordinate which is determined from the method is small and
negative and gives an imaginary value of the coordinate itself.

Another approach to structure determination, consists in per-
forming a refinement of the structural parameters to reproduce the
observed rotational constants of all the isotopologues (rp). As a
starting point for the least-squares structural refinement, we used
the theoretically calculated internal coordinates for the molecule at
the B3LYP-D3/aug-cc-pVTZ level (re) and refined the most signifi-
cant structural parameters using Kisiel's STRFIT program [47]. 14
structural parameters were adjusted: the 3 C—C bond distances, 6
valence angles and 5 dihedral angles. As a result of the fitting
procedure, the rotational constants for the four '*C and the mon-
odeuterated species were reproduced within 0.8 MHz, while those
of the double deuterated species within 1.3 MHz. The theoretical
(re) and fitted structural parameters (rp) are reported in Table 6.

Moreover, in Table 4, we compare rs (absolute values), the ro and
the re coordinates of the substituted atoms. Although a direct

Table 2
Experimental transition frequencies (v) and residuals (o-c), all in MHz, of 12BTD
deuterated isotopologues.

oK K] KiK. D(8) D(7) &D(8)
v 0-C v 0-C

7 7 * 7 6 * 74151.52 0.05

8 7 * 8 6 * 74144.68 0.03

9 7 * 9 6 * 74135.03 -0.02

10 7 * 10 6 " 74121.96 0.03

1m 7 * 1 6 " 74104.65 0.08

12 7 * 12 6 * 7408234  —0.06

13 7 * 13 6 * 74054.11 0.01

14 7 * 14 6 * 74018.73  -0.08

6 6 * 6 5 * 62745.00 0.08 63216.36 0.04
7 6 * 7 5 * 62737.41 0.07  63209.72 0.03
8 6 * 8 5 " 62726.17 0.04 63199.92 0.03
9 6 * 9 5 * 62710.27 0.01 63186.03 -0.01
10 6 * 10 5 * 62688.58 0.02 63167.08 -0.04
1 6 * 1 5 * 62659.84 0.11 6314194 -0.06
12 6 7 12 5 8 6262292 -0.03

12 6 6 12 5 8 6262292 -0.05

5 5 * 4 4 * 69402.04 0.11 6918285 -0.05
6 5 * 5 4 " 73013.04 001  72673.37 0.10
6 4 3 5 3 2 61597.47 0.09

6 4 2 5 3 2 61597.47 -0.09

7 4 4 6 3 3 6519436 -0.03 64651.56 -0.08
7 4 3 6 3 3 65195.14 0.09 64652.24 0.10
7 4 4 6 3 4 6521243 -0.09 64666.23 -0.07
7 4 3 6 3 4 65213.20 002 64666.89 0.09
8 4 5 7 3 4 68775.76 005 68117.01 0.09
8 4 4 7 3 4 68777.77 -0.02 68118.61 0.02
8 4 5 7 3 5 68820.96 0.00 68153.57 —0.06
8 4 4 7 3 5 68823.02 0.08 68155.18 0.06
9 4 6 8 3 5 7233172 -0.04 71561.35 0.02
9 4 5 8 3 6 72435.55 0.10  71565.23 0.05
9 4 6 8 3 6 71641.25 0.04
9 4 5 8 3 6 71645.11 0.03
9 3 7 8 2 6 59757.80 -0.04

9 3 6 8 2 6 59953.68 -0.02

9 3 7 8 2 7 61653.81 -0.01 60704.70 -0.02
9 3 6 8 2 7 61849.63 -0.05 60863.45 -0.04
10 3 8 9 2 7 62699.67 005 61936.00 0.01
10 3 7 9 2 7 62227.89 0.01
10 3 8 9 2 8 64470.21  -0.03
10 3 7 9 2 8 65935.72 0.01 64762.10 -0.03
1 3 9 10 2 8 65458.47 0.01 6466195 -0.03
1 3 8 10 2 9 7020998 -0.02 6882232 0.04
12 3 10 11 2 9 68033.95 0.04 6721548 -0.03
12 3 9 12 10 73084.18 0.01
13 3 1 12 2 10 70434.35 0.07 69601.43 0.04
14 3 12 13 2 11 71830.73 0.00
15 3 13 14 2 12 73919.19 0.05
10 2 8 9 1 9 63426.14 0.00 61491.28 0.00
1m 2 9 10 1 10 69920.03 0.01

15 2 13 14 1 13 71143.91 0.03
16 2 15 15 1 14 60230.33 0.01
17 2 16 16 1 15 6261996 -0.01
18 2 17 17 1 16 65101.51 -0.03
17 1 16 16 1 15  60955.14 0.05

17 2 16 16 2 15 6017296 -0.01 61111.83 0.01
17 2 15 16 2 14 6321743 0.03

17 3 15 16 3 14 61483.49 0.09

17 3 14 16 3 13 63092.07 0.04 60833.74 0.04
17 4 14 16 4 13 6178951 -0.01 59696.44 —-0.02
17 4 13 16 4 12 62063.05 -0.02 5990576 —0.04
17 5 13 16 5 12 6169836 -0.09

17 5 12 16 5 11 6171720 -0.03

18 0 18 17 0 17 61353.09 0.05

18 1 18 17 1 17 61306.13 0.03

@ Asterisks indicate asymmetry degenerate transitions.

comparison between theoretical structures (referring to the re
equilibrium geometry) and experimental data (ro, related to the
ground vibrational state) must be considered with care, it is worth
noting that many of the structural parameters are quite consistent.



Table 3

Spectroscopic constants for six isotopic species of 12BTD.

3c(1) 13¢(2) 13¢(3) 13¢(5) D(8) D(7) & D(8)
A/MHz 7822.819(4)° 7764.091(3) 7823.890(3) 7758.649(3) 7493.450(4) 7511.096(2)
B/MHz 1896.985(3) 1932.312(3) 1944.863(3) 1933.875(3) 1871.4086(6) 1940.3000(5)
C/MHz 1651.512(3) 1675.606(3) 1687.690(3) 1676.288(3) 1616.9506(6) 1668.4585(5)
Dg/kHz" 7.45(8) 7.96(4)
N¢ 14 14 12 15 42 51
rms’[kHz 47 61 55 50 46 52

? Errors in parentheses are expressed in units of the last digit.
b Quartic centrifugal distortion constants fixed to the values of the parent species (Dy=0.16080(41), D)k = 1.9773(25), Dk = 8.253(16), dy = —0.01813(15), d, = —0.00406(13)
kHz) [33], unless otherwise specified.

€ Number of distinct frequency lines in the fit.

4 Root mean square deviation of the fit.

Table 4

Comparison between r, ro, r. coordinates (A) for substituted atoms for 12BTD.

TS’

Te

1 a 2.5665(6)" 2.569(1) 2571
b 0.03(6) 0.029(4) 0.035
¢ 0.248(6) 0.254(4) 0.257
2 a 1.291(1) ~1.297(2) ~1.298
b 0.698(2) ~0670(5) ~0.700
¢ 0.265(6) ~0.261(4) ~0.263
c3 a i0.129° ~0.033(5) ~0.031
b i0.067 0.016(3) 0.015
¢ 0.237(6) 0.227(9) 0.228
c5 a 1.215(1) 1.222(2) 1.224
b 0.745(2) —0.748(4) ~0.739
¢ 0.220(7) ~0218(7) ~0231
HS a 0.815(2) 0.820(6) 0.826
b 1.6689(9) 1.665(3) 1.707
c i0.145 0.04(2) 0.053

4 r¢ coordinates are absolute values.

Y Errors in parentheses are expressed in units of the last digit. For rs Constain’s
errors [57] are given.

€ In a few cases the square of the coordinate has been determined to be small and
negative leading to an imaginary value of the coordinate.

Table 5
rs, coordinates (A, absolute values) for substituted hydrogen atoms for 12BTD in
the PAS of the D8-12BTD.

H7 H8
a 3.0947(5) 0.817(2)
b 0.340(4) 1.6440(9)
c 0.226(7) i0.133
Table 6

Ie structure (B3LYP-D3/aug-cc-pVTZ) of 12BTD compared to effective ry structure.

A few adjustments had to be made to the theoretical B3LYP-D3/
aug-cc-pVTZ structure to reproduce the experimental rotational
constants. The structural parameters that are mainly affected are
the valence and dihedral angels, namely C506H7, C304H8 and
C5C304HS, of the atoms involved in the hydrogen bond, which
show deviations up to 5°.

The geometry of the most stable conformer of 12BTD is stabi-
lized by a 5-atom ring like structure held together by an intra-
molecular hydrogen bond (H---0) with a relatively short length:
the rg and re values are 2.27(2) A and 2.31 A respectively which is
shorter than the sum of their van der Waals radii (2.70 A) [48].
Similar ring structures have been observed to be typical of small
linear diols isolated in the gas phase: 5-membered rings are formed
in smaller vicinal diols such as ethylene glycol [5] and 1,2-
propanediol [6,9], 6-membered rings in 1,3-propanediol [7,8] and
1,3-butanediol [10] and 7-membered ones in 1,4-butandiol [12].
The patterns are maintained when a hydrogen bond donor and
acceptor are present in the same molecules such as in 1,2-
aminoethanol [49] or N-methyl-2-aminoethanol [50,51] and also
in aromatic systems such as cathecol [52,53]. A close inspection of
the structure provides evidence of a proximity between the H15
aliphatic hydrogen and the O4 atom: the distance between them is
2.61(3) A (both rg and re values). This short distance could be the
signature of a weak hydrogen bond [54], which is responsible for
the stabilization of the conformer.

From the rg coordinates of the hydroxyl hydrogen atoms given in
Table 5, the distance between them can be calculated directly
provided the imaginary coordinate is set to zero. The obtained
value can be compared to that of the other vicinal diols. In 12BTD

Bond distances/A Valence angles/®

Dihedral angles/®

o Te o Te To Te

ci1cz 1.528(3)" 1.5274

203 1.517(4) 1.5216 c1c2c3 112.8(5) 112.89

C304 1.4266 C2C304 108.4(1) 108.08 C1C2—-C304 61.83
503 1.519(3) 1.5197 C2C3C5 112.1(5) 112.10 C1C2—-C3C5 -176.2(5) ~176.58
C506 1.4326 C3C506 106.95(5) 107.13 C2C3-C506 178.9(9) 179.79
0O6H7 0.9602 C506H7 106.1(4) 109.65 C3C5-06H7 164(1) 166.28
04H8 0.9638 C304H8 103.1(4) 107.27 C5C3-04H8 54(1) 49.39
C5H9 1.0953 C3C5H9 109.95 04C3—-C5H9 -179.77
C5H10 1.0949 C3C5H10 109.18 04C3—-C5H10 60.58
C3H11 1.0994 C5C3H11 107.77 06C5—-C3H11 59.89
C2H12 1.0933 C3C2H12 108.49 C5C3—-C2H12 54.40
C2H13 1.0933 C3C2H13 108.26 C5C3—-C2H13 61.54
C1H14 1.0905 C2C1H14 111.02 C3C2-C1H14 -179.63
C1H15 1.0888 C2C1H15 110.65 C3C2—-C1H15 -59.29
C1H16 1.0919 C2C1H16 110.94 C3C2—-C1H16 60.43

% Only the fitted parameters are reported. In the fitting procedure, all the other parameters were kept fixed to the theoretical ones.
Y Errors in parentheses are expressed in units of the last digit.
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Fig. 2. The NCI plots for the studied molecule. Blue and green colors identify the
presence of strong and weak attractive interactions, respectively. Red color indicates
repulsive interaction.

this distance is 3.029 A in agreement with the values in 2,3-
butanediol (3.032 A in the heterochiral species and 3.014 A in the
homochiral one) [17], 1,2-propanediol (3.076 A) [9] and that in
ethylene glycol (3.009 A) [5] or in cathecol (3.037 A) [52].

A visualization of the non-covalent interactions was achieved
with the NCI method [55], which considers the distribution of both
the electron density (p), and its gradient (o) and its second de-
rivatives matrix (A1, A2, A3). A comprehensive picture can be drawn
using different plots of these quantities (see Fig. 2). According to the
color code reported on the graphics, the isosurfaces visible in the
NCI plots represent the area for attractive and repulsive in-
teractions. From the picture it can be seen that indeed an attractive
O—H---0 and a weaker C—H---0 are present.

4. Conclusions

We report the millimeter wave transition frequencies for four
mono-substituted >C isotopologues and two deuterated species of
the lowest energy conformer of 12BTD. This study can be consid-
ered an additional step in the extensive study of diols, which could
lead to their astronomical detection and the measurement of their
isotopic abundances in the interstellar medium. This search has
been extensive after the detection of the related molecule ethylene
glycol (see Ref. [33] and references therein).

Moreover, the analysis of the experimental rotational constants
determined for all the isotopologues led to the determination of the
substitution coordinates for these atoms. Also, from the theoretical

calculated structure a refinement of the structural parameters led
to a partial ro geometry which reproduced all the rotational con-
stants within less than 1.3 MHz.
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