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MOLECULAR ISOMERIZATION
IN n-PROPANOL DIMERS'

The molecular isomerization has been studied in n-propanol dimers by quantum-chemical cal-
culations with the DF'T method. 25 combinations of molecular pairs are calculated with and
without consideration of the dielectric constant of n-propanol. Such approach allowed us to
determine the most stable configurations of alcohol dimers. It has been shown that dimers of
n-propanol are mostly (77.1%) formed by only 5 of 25 possible configurations at room temper-
ature and by 2 combinations (87.3%) at the melting point. The size distribution of dimers and
the spectral dispersion in the region of free and bonded O—H stretching vibrations are calculated.
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1. Introduction

Alcohols belong to the class of partially ordered lig-
uids. Due to the presence of a hydroxyl group in their
molecules, alcohols can form various cluster struc-
tures in condensed phases [1-3] and inert matrix iso-
lation [3-6], in helium nanodroplets [7, 8], in solutions
[9], and even in the gas phase [10]. Clusterization pro-
cesses are intensively studied with different experi-
mental and theoretical techniques [3-14]. In addition
to the formation of molecular structures with various
sizes, the important role in investigations of a clus-
ter structure of alcohols is played by the molecular
isomerization [15-24]. Each molecule of monohydric
alcohol with more than one atom of carbon can be
found in different conformations. These different con-
formations are formed due to the rotation of atoms
around chemical bonds. Molecules of monohydric al-
cohols are characterized by three kinds of the iso-
merism of dihedral angles — trans (/180°), gauche
(=60°), and gauche’ (~—60°) conformers can ex-
ist. The studied alcohol — n-propanol with the struc-
tural formula CHy—CH3—CH3—OH — has two struc-
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molecular isomerization, dimer, n-propanol, hydrogen bonding, quantum

tural dihedrals and 9 stable configurations [16, 17],
which include one plane structure and 4 pairs of enan-
tiomers (or mirror-image pairs). Since enantiomers
have similar energy and optical properties, the dif-
ference between them is usually neglected.

Propanol is widely studied, as it is one of the most
useable alcohol for various applications. Its confor-
mational properties were studied in supersonic jets
[17, 21], cryogenic matrices [6, 17], gas and liquid
phases [16], and CCly solutions at low concentrations
[25]. This research is aimed to determine, if molec-
ular isomerization could lead to a non-uniform dis-
tribution of n-propanol dimers consisting of differ-
ent molecular isomers. The consideration of possible
dimer structures of n-propanol at various tempera-
tures can be used in further researches of the molec-
ular isomerization in bigger propanol clusters and in
a bulk alcohol.

2. Calculation Details

All the calculations in this work were carried out us-
ing the Gaussian software [26]. For the visualization

I The paper was presented at XXIVth Galyna Puchkovska In-
ternational School-Seminar “Spectroscopy of Molecules and
Crystals” (August 25-30, 2019, Odesa, Ukraine).
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and the determination of a geometry, the Avogadro
[27] and GaussView [28] softwares were used. Calcu-
lations were executed in several steps. The optimal
geometry of monomeric conformers was calculated
at the DFT B3LYP/cc-pVTZ level of theory. Vib-
rational spectra were additionally calculated for each
of 5 n-propanol conformers (as was mentioned above,
this alcohol has 9 conformers, 4 of which are enan-
tiomers and have the same energy and optical pa-
rameters). Each conformer was designated by a sym-
bolic title using a generally accepted scheme of dihe-
dral angles CCCO+CCOH via big+small letters for
trans- (T, t), gauche- (G, g) and gauche’- (G', g') con-
formers [19, 29]. All the calculations were held for n-
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propanol as a solvent using standard Gaussian meth-
ods (e = 20.524, ei,r = 1.918225). Then the energeti-
cally optimal geometries and harmonic IR absorption
spectra for 25 possible dimers of n-propanol were cal-
culated with the same level of theory. Each conformer
was used 5 times as an acceptor and 5 times as a
donor of proton (non-bonded and bonded molecules,
respectively). The solvent interaction was considered
as well. For all obtained geometries, a basis set su-
perposition error (BSSE) and a complexation energy
were calculated using the counterpoised method with
“counterpoise = 2” keyword.

3. Stability and Probability of Clusters

Calculated values of the hydrogen bond energy in
propanol dimers indicate the probability of cluster
formation — the more the absolute value of the in-
teraction energy, the higher the probability of the
cluster existence. Figure 1 represents the calculated
differences of energies of different n-propanol dimers
and the energy of the most stable dimer Gg’-Gt. The
calculations were made without accounting the sol-
vent interaction. As seen from Fig. 1, the most sta-
ble donor for each acceptor is a Tt conformer. Other
donors have more stability fluctuations with different
acceptors.

Including the solvent interactions in considera-
tion leads to another global minimum for n-propanol
dimers — Gg'-Tg configuration. Moreover, such an
approach results in much bigger difference between
dimer energies (Fig. 2). The explanation of such be-
havior can be found in the principle of molecular in-
teractions. Calculated hydrogen bonds do not include
the dielectric constant of alcohol (about 20.5, as men-
tioned before) that leads to a decrease of electric in-
teractions in the substance. While the electric inter-
action is a general important part of the hydrogen
bond formation, its decrease affects the stability of
n-propanol clusters. In the further consideration, we
will use the results of calculations with solvent inter-
actions taken into account.

The distribution of dimers in n-propanol can be
found as the Boltzmann one. Table 1 presents the
results of this method applied for temperatures
298.15 K (liquid alcohol, room temperature), 200 K
(liquid), 148.76 K (melting point [30]), and 100 K
(solid).

As seen from Table 1, the most probable dimers are
Gg'-Tg conformations. Moreover, the portion of Gg’-
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Tg clusters raises, as the temperature decreases. At
the same time, the contribution of other clusters de-
creases. The second among the most abundant dimers
is a Tg-Gg’ conformer. The dependence of its portion
on the temperature is shown in Fig. 3. It is seen that
the maximum percentage is 33.02% at 141-143 K.

Thus, at room temperature (298.15 K), the contri-
bution of five most stable configurations (Gg'-TG, Tg-
Gg', Gt-Gg, Tt-Tg and Gt-Gg') is 77.12%. At 200 K,
147.05 K, and 100 K, the part of these structures rises
to 91.88%, 97.39%, and 99.67%, respectively. At the
melting point of n-propanol, the portion of Gg'-Tg
and Tg-Gg’ conformations is 87.34%.

4. Geometry of n-Propanol Dimers

Detailed investigation of the dimerization process in
n-propanol requires considering not only the cluster
energy, but also their geometrical parameters. The
important part of a dimer geometry is the differ-
ence between its structure and the structure of free
molecules. Absolute values of dihedral deformations
in the calculated dimers are presented in Table 2.

As seen from Table 2, the Gg’' conformer under-
goes the biggest deformations as a donor molecule
with each acceptor. Moreover, the gauche-CCOH di-
hedral is less stable than the trans-dihedral in a donor
molecule.

Another important geometrical characteristic of a
cluster is the radius of gyration (or gyradius, which
will be used further). The calculated values of gy-
radii per axis for each dimer are presented in Ta-
ble 3. Table 4 contains the ratio of gyradii for each
cluster type. As seen, the most stable clusters, Gg'-
TG and Tg-Gg’, have similar ratios. However, a less
stable Gt-Gt has the same ratio as Gg’-TG, but
smaller absolute values (see Table 3).

For five most stable dimers, the big gyradii are
0.25-0.29 nm, and small ones — 0.11-0.13 nm. The
volumes of such ellipsoids of gyration are (37, 30,
33, 35 and 30)x1073 nm? for Gg'-Tg, Te-Gg’, Gt-
Gg, Tt-Tg, and Gt-Gg’' conformers, respectively (Ta-
ble 5). Dimer Tt-Gt with the gyration ellipsoid vol-
ume similar to Gg'-Tg has a less elongate geometry
(see Table 4) that can be resulted in a less stability
of such structure.

5. IR Absorption Spectra

As mentioned in different works [2-6, 11-14|, the clus-
terization of molecules in condensed alcohols leads to
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Table 1. Distribution of n-propanol dimers
at 298.15 K (T1), 200 K (T2), 148.76 K (T3),
and 100 K (T4), solvent interaction included

Acceptor
Dimers portion, %

Tt Tg Gt Gg Gg’

Donor Tt Ty | 4.58 0.62 0.31 | 0.75 1.06

To | 2.62 0.13 0.05 | 0.18 0.30
Tz | 1.21 0.02 0.01 | 0.03 0.06
T4 | 0.23 - - - -
Tg | Ty | 6.91 0.89 0.38 | 1.20 | 30.60
Ty | 4.84 0.23 0.06 | 0.36 | 44.51
Ts | 2.75 0.05 0.01 | 0.08 | 54.39
T4 | 0.77 - - - 65.45
Gt Ty | 0.32 0.72 0.40 | 0.93 1.14
T2 | 0.05 0.16 0.07 | 0.24 0.33

T3 | 0.01 0.03 0.01 | 0.05 0.07

Gg | T | 042 1.14 8.87 | 1.36 1.62
T2 | 0.08 0.33 7.03 | 0.43 0.56

T3z | 0.01 0.07 4.55 | 0.11 0.15
Ty - - 1.63 | 0.01 0.01
Gg’ | T1 | 0.57 | 23.83 | 6.91 | 1.67 2.81
To | 0.12 | 30.66 | 4.84 | 0.58 1.27
Tz | 0.02 | 32.95 | 2.75 | 0.16 0.45
Ty - 31.05 | 0.77 | 0.01 0.05

red shifts of the spectral bands corresponding to the
frequencies of stretching O—H vibrations. The authors
of those works tried to compare the vibrational spec-
tra obtained by quantum chemistry calculations with
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experimental ones using only one structure of each
size. Molecules with fully trans-skeleton and gauche-
(gauche’-)CCOH dihedral are often used because of
the traditional construction of molecules and clus-
ters in the Avogadro/GaussView or other visualiza-
tion software. Such a neglect of the conformer influ-
ence leads to the only partly correct results of com-

As mentioned above, for each of 25 optimized
dimer structures, IR absorption spectra were calcu-
lated. The obtained frequencies of free and bonded
stretching O—H vibrations are presented in Table 6.

Table 3. Radii of gyration
per axis of n-propanol dimers

parison of the spectra. Acceptor
Gyradius, nm
Table 2. Absolute deformations Tt Tg Gt Gg Gg'
of molecule dihedrals in dimers
of n-propanol, solvent interaction included Donor Tt 0.11 0.09 0.11 0.10 0.09
0.29 | 032 | 027 | 029 | 0.31
Deformation Acceptor 0.30 | 032 | 028 | 031 | 0.31
of donor CCCO
dihedral, degrees Tt T Gt Ge e Tg 0.11 | 0.10 | 0.10 | 0.12 | 0.11
0.27 | 029 | 0.27 | 027 | 0.28
0.28 | 029 | 027 | 0.28 | 0.29
Donor Tt 0.093 | 0.435 | 0.084 | 0.225 | 0.738
Tg 0.144 | 0.344 | 0.573 | 0.113 | 0.299 Gt 0.12 0.08 0.11 0.10 0.11
Gt 0.611 | 0.24 | 0.183 | 0.001 | 0.452 0.26 0.31 0.27 0.29 0.27
Gg 0.649 | 0.473 | 1.177 | 0.982 | 1.012 0.28 | 0.32 0.28 | 0.29 0.28
G/ 0.506 | 0.196 | 0.131 | 0.682 | 0.262 Ge 010 | 009 | 013 | 011 | o0.10
027 | 029 | 024 | 027 | 028
Deformation Acceptor 028 | 030 | 025 | 028 | 0.29
of donor CCOH ,
dihedral, degrees Tt T - e e Gg 0.11 | 010 | 0.12 | 0.10 | 0.11
0.26 | 026 | 024 | 027 | 0.27
Donor Tt 0.008 | 1.465 | 0.198 | 2.557 | 4.731 0-27 0.28 0-25 0.28 0.28
Tg 5.202 | 5.468 | 7.204 | 6.928 | 5.115
Gt 0.462 | 0.258 | 2.512 | 1.859 | 1.391 Table 4. Ratio of gyradii
Gg 6.232 | 5.386 | 6.553 | 6.71 7.144 per axis for different dimer structures
Gg' | 16.477 | 17.584 | 17.322 | 15.902 | 17.035
. Dimer anisotropy/ Acceptor
Deformation Acceptor Gvradi b
yradlus ratio
of acceptor CCCO Tt Tg Gt Gg Gg’
dihedral, degrees Tt Tg Gt Gg Gg’
Donor Tt 0.36 | 0.28 | 0.40 | 0.33 | 0.29
Donor | Tt | 0.148 | 0.439 | 0.741 | 0.265 | 0.0763 096 | 0.99 | 0.96 | 0.97 | 0.99
Te | 0.344 | 0983 | 1.04 | 0.458 | 0.561 1.00 | 1.00 | 1.00 | 1.00 } 1.00
Gt 0.184 | 0.077 | 0.104 | 0.731 |0.0913 Tg 0.39 | 035 | 0.37 | 0.42 | 0.39
Gg 0.263 | 0.033 | 0.246 | 0.583 |0.2783 0.98 | 0.98 | 0.97 | 0.94 | 0.96
Gg' 0.168 | 0.12 | 0.386 | 0.492 |0.1214 1.00 | 1.00 | 1.00 | 1.00 | 1.00
] Gt 0.43 | 024 | 0.39 | 0.36 | 0.40
Deformation Acceptor 0.93 0.99 0.96 0.99 0.97
of acceptor CCOH 1.00 | 1.00 | 1.00 | 1.00 | 1.00
dihedral, degrees Tt Tg Gt Gg Gg'
Gg 0.37 | 0.31 | 0.50 | 0.50 | 0.34
Donor Tt 1.578 | 2.51 | 2.513 | 2.616 | 7.824 0.97 10.99 1 0.94 1 0.97 | 0.98
Te | 0.648 | 2.699 | 5.909 | 1.537 | 1.541 1.00 | 1.00 | 1.00 | 1.00 | 1.00
Gt 1.527 | 2.699 | 1.066 | 2.827 | 0.881 Gg’ 0.40 | 0.38 | 0.47 | 0.38 | 0.39
Gg 0.334 | 0.336 | 4.383 | 1.895 | 3.95 0.95 | 0.96 | 0.97 | 0.97 | 0.95
Gg' 2,511 | 0.072 | 2.855 | 1.959 | 2.542 1.00 | 1.00 | 1.00 | 1.00 | 1.00
294 ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 4
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Each spectral band was built as a Lorentz contour
with a half-width of 1 cm™! and the area equal to
1. Figures 4 and 5 present the total spectra (in the
spectral regions of bonded and free stretching O-H
vibrations) of all considered dimer structures taking
the probabilities of the cluster existence at different
temperatures into account. The calculated intensities
for each band were ignored. So, the results shown
are only percentage, not absolute values. The infinite
temperature means the equal distribution of all dimer
structures.

As is seen from Fig. 4, there are two separated
bands of bonded O—H vibrations at room temperature
in the spectrum of n-butanol dimers with additional
contribution from both sides for each band. At the
temperature of the phase transition (148.76 K), these
less intense additional bands disappear, indicating a

Table 5. Calculated volumes
of the ellipsoids of gyration for n-propanol dimers

Volume of gyration Acceptor

ellipsoid, 103 nm?3

Tt Tg Gt Gg Gg'

Donor Tt 40 39 35 38 36
Tg 35 35 31 38 37
Gt 37 33 35 35 35
Gg 32 33 33 35 34
Gg’ 32 30 30 32 35

Table 6. Frequencies of bonded
and free stretching O—H vibrations in propanol
dimers in the harmonic approximation

Acceptor
Frequency, cm~1!
Tt Tg Gt Gg Gg’
Donor Tt |3577.45|3575.86|3573.57|3575.02 | 3584.56
3812.20(3803.98 | 3815.67|3800.94 | 3823.43
Tg |3578.48|3578.29(3576.23 |3572.44| 3577.1
3817.32(3801.82| 3817.3 |3800.12| 3813.9

Gt [3579.81|3580.02|3577.16 | 3577.87|3581.02
3812.49|3803.82|3817.23 | 3802.5 | 3813.06

Gg |3576.88|3571.34|3574.78|3574.08 | 3584.97
3813.37(3799.78| 3813.2 |3800.21| 3821.7

Gg' [3589.07|3587.19(3585.93 | 3586.23 | 3588.83
3815.84|3801.22|3816.47 | 3804.07 | 3817.99
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Fig. 4. IR absorption spectra of propanol dimers at different
temperatures in the spectral region of the bonded stretching
O-H vibrations
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Fig. 5. IR absorption spectra of propanol dimers at differ-
ent temperatures in the spectral region of free stretching O-H
vibrations

decrease in the contribution of corresponding clus-
ters. As mentioned above, a halfwidth of each band
was set to 1 cm™!, which corresponds to the width
of a free molecule band. Bands of clusters are much
wider. Otherwise, the simple including of the differ-
ence in frequencies between these main bands leads
to the determination of a dimer bonded vibrational
band of about 10.1 cm~! in width in solid n-propanol
and at least 12.4 cm™! in liquid alcohol. A similar
behavior can be seen in the spectra of free stretching
O-H vibrations (Fig. 5). The difference between vi-
brational bands can rise to 12.7 cm ™! in solid alcohol
and up to 16.1 ecm™! in liquid n-propanol.
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Since the obtained frequencies were calculated in
the harmonic approximation, they should be scaled
(as one of the simplest ways to include the an-
harmonicity). Generally used scale factors are about
0.99. Applying this scale factor, the width of a possi-
ble vibrational frequency will be 10.0-12.3 cm™! for
the stretching O—H vibrations of bonded hydroxyls
and 12.6-15.9 cm ™! for the free stretching O-H vibra-
tions in n-propanol dimers. Moreover, in this work,
only one possible configuration per each conformer
pair was considered. If one includes more isomers for
each dimer structure, the width of the corresponding
spectral region can increase.

6. Conclusions

The ab initio study of the molecular conformation in-
fluence on the n-propanol dimerization has allowed
us to draw several important conclusions. The clus-
terization in n-propanol strongly depends on the sur-
rounding of alcohol molecules. While the clusteriza-
tion in vacuum (and probably in a passive matrix
isolation) hardly depends on the molecular isomer-
ization, in condensed alcohol (considering the alcohol
dielectric constant), more than a half of its struc-
ture is formed by only 2 of 25 possible combina-
tions. 77.1% of n-propanol dimers at room temper-
ature are formed by 5 most stable configurations
(Gg/-Tg, Te-Gg', Gt-Gg, Tt-Tg, and Gt-Gg'). At
200 K, 91.9% of dimers correspond to these config-
urations. At the melting point (148.76 K), 87.7% of
the dimer structure correspond to Gg'-TG and Tg-
Gg' configurations.

The spectral dispersion of n-propanol dimers in
the spectral region of bonded and free stretching
O-H vibrations can reach 12.3 and 15.9 ecm™!, re-
spectively. Such a value should be considered when
comparing the calculated spectra with experimental
ones.

The average volume of n-propanol dimers can be
determined as 34.6 x 1072 nm? by its gyration vol-
ume. This value can be used for a further deter-
mination of the alcohol density and the part of
dimers in it.

All quantum-chemistry calculations presented in
this work were performed on the Joint ISMA/STC
ISC computational cluster of SSI “Institute for Single
Crystals” and Institute of Scintillation Materials of
the NAS of Ukraine.
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MOJIEKVYJ/IAPHA ISOMEPU3AIIIA
JUMEPIB n-ITPOITAHOJIY

Peszmowme

HocniizkeHO MOJIEKYJISpHI i30Mepu OUMepiB  N-IPONAaHOIY
ILJIIXOM KBaHTOBO-XiMIYHOro MogesoBaHHss MerogoM DFT.
Byso pospaxoano 25 KoMGiHaIill Tap MOJIEKYJI 3 BpaXyBaHHSIM
IieIeKTPUIHOI IIPOHUKHOCTI ponanoxy ta 6e3 11 BpaxyBaHHs.
Takuit migxisy J03BOJIMB aBTOPpAM BU3HAYUTH HANCTIAKIII KOH-
dirypamil gumepis mpomanosy. Ilokasano, mo mpu KiMHATHII
TeMIIepaTypi 3arajJbHy KiJIBKICTh JUMEPIiB IPOIIAHOY CKJIa/1a-
10Th nepeBakHo (77,1%) e 5 3 25 MokymBEX KOHMIrypamiii,
a pu Temueparypi miasiaeHHsa — e 2 kombGinanii (87,3%).
PospaxoBano po3mipu JuMepiB Ta CHEKTPAJIbHY AUCIEPCIIO B
o0J1acTi BaJIGHTHIX KOJIMBAHb BibHuUX Ta 3B a3anux O—H rpym.
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