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Dynamics of 2,2-dimethylbutan-1-ol and 2,3-dimethylbutan-2-ol have been studied by experimental spec-
troscopy methods, i.e., inelastic incoherent neutron scattering and infrared absorption. Experimental results were
discussed and compared with the results of the quantum chemical calculations performed by semi-empirical PM3
and the density functional theory methods assuming the isolated molecule and dimer, trimer and tetramer clusters.
The density functional theory modelling of vibrational spectra of monomers and OH bonded molecular clusters
allows to assign the inter- and intermolecular vibrational modes observed in density of states and absorption spectra.
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1. Introduction

The 2,2-dimethylbutan-1-ol, i.e., neohexanol (2,2-DM-
—1—B) — CHJCHQC(CH?,)QCHQOH and 2,3—dimethyl—
butan-2-ol (2,3-DM-2-B) — (CH3);CHC(CH3)2OH are
the isomers of the CgH130H summary chemical formula
[1-11]. Various molecular structures affect the polymor-
phism of these alcohols and dynamics as well. The sym-
metry group for molecules is C1. They have nearly glob-
ular shapes thanks to branched structures. This has im-
pact on the formation of the orientationally disordered
plastic crystal (ODIC) phases [10, 12-14]. Recently poly-
morphism and dynamics of both substances were studied
by differential thermal analysis (DTA) [4-6], differential
scanning calorimetry (DSC) [7-10], adiabatic calorime-
try [8-11] and dielectric relaxation [2-6, 8, 10, 11] meth-
ods. In adiabatic calorimetry measurements of 2,2-DM-
-1-B [8-10] four solid phases have been found, i.e., the
ordered crystal C3, two ODIC phases C2 and C1 and
glass of C2 rotatory phase [12-14]. Glass of phase C2
was obtained in cooling run performed with 5 K/min
rate. The softening of glass was determined at 123 K.

On further heating the metastable phase C2 trans-
formed through several metastable crystalline phases to
the stable crystal C3 at 180 K. Then, the following phase
sequence was detected: C3 (194.9 K) — C2 (209 K) —
C1 (233 K) — Is.

For 2,3-DM-2-B two crystalline phases C2 and C1 were
found using adiabatic calorimetry method [9-11]. The
phase sequence observed is the following: C2 (249.8 K) —
C1 (262 K) — Is. No glass phase was found there. For
both dipolar substances in the rotatory phases complex
molecular dynamics were found by dielectric relaxation
method giving very small dielectric increments. The
fast MHz relaxation was related to OH group motions.

Moreover, reorientations of whole molecules (a-process)
were detected: for 2,2-DM-1-B a single relaxation pro-
cess while for 2,3-DM-2-B two processes associated with
different conformers [2-6, 8, 10, 11, 15].

Tn the inelastic incoherent neutron scattering (IINS)
experiment identification of polymorphism and vibra-
tional dynamics have been performed in wide tempera-
ture range from 20 K to 300 K [10, 16-23]. For 2,2-DM-1-
B the TINS spectra of glass of plastic crystalline phase C2
obtained in fast cooling and of the ordered crystal phase
C3 obtained in slow cooling have been observed at 20 K
[10, 17, 24-26]. In the IINS studies of 2,3-DM-2-B at low
temperature vibrational spectra of crystalline phase C2
have been obtained after slow and rapid cooling of the
sample [10, 16, 17].

This work presents the results of the observations of the
vibrational modes in 2,2-DM-1-B and 2,3-DM-2-B with
help of the IINS method and the middle infrared (MIR)
absorption spectroscopy. In addition, for 2,2-DM-1-B the
far infrared (FIR) spectroscopy results were carried out.
For interpretation of the bands observed in the density
of states (at 20 K) and absorption spectra (at 290 K)
frequencies and intensities of the normal modes were cal-
culated for the isolated molecules and simple molecular
clusters, using ab initio density functional theory (DFT)
method. Vibration bands of the hydroxyl group forming
the hydrogen bonds are indicated [27, 28].

2. Methods

The neohexanol isomer 2,3-DM-2-B was purchased
from Aldrich Chemical Company and the 2,2-D-1-B sam-
ple was synthesised in the Jerzy Haber Institute of Catal-
ysis and Surface Chemistry, Polish Academy of Sciences,
Krakéow.
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The TINS spectra for both DMB substances have
been measured in the energy range up to 1600 cm™!
at temperatures from 20 to 290 K. The NERA-PR in-
verted geometry time-of-flight spectrometer installed at
the IBR-2 high-flux pulsed reactor in the JINR, Dubna,
Russia, was used. The experimental techniques have
been described previously in numerous literature posi-
tions [10, 16-23]. The middle-infrared Fourier transform
absorption measurements (MIR) were performed using
the EXCALIBUR FTS 3000 spectrometer in the wave
number range from 400 cm ™! to 4000 cm~!. The MIR
absorption spectra of both DMB substances have been
obtained at room temperature (=~ 290 K) in the lig-
uid phase [7, 10]. In the MIR spectra the stretching
modes are observed preferably. The far-infrared Fourier
transform absorption measurements (FIR) have been car-
ried out only for 2,2-DM-1-B with the DIGILAB FTS-
14 spectrometer in the frequency range of 40-500 cm™?,
with the resolution 2 cm™'. The temperature depen-
dence of the FIR absorption spectra has been measured
in the 25-290 K temperature range.

The TINS method in contrast to the IR absorption
spectroscopy is excellent to “see” the rotational dynamics
of the molecular groups containing hydrogen. However,
detection of the vibrations of OH groups in isomers of
dimethylbutanol is not so evident because neutron scat-
tering cross-section is dominated by protons of methyl
groups.

For the investigation of formation of hydrogen bonds
[27-32] and for interpretation of vibrational spectrum
from IINS and IR experiments performed for 2,2-DM-1-
B and 2,3-DM-2-B computational methods of quantum
chemistry have been used for modelling structure and
dynamics of the monomer and then of dimer, trimer and
cyclic tetramer clusters, created through hydrogen bond-
ing (HB) interactions. In first step the geometry of iso-
lated molecule has been optimized by the semi-empirical
PM3 method [32] because its conformational structure
is unknown. In the second step, the structure has been
optimized using the DFT method [34]. The Gaussian 03
program [35] was used to calculate the frequencies and in-
tensities of the normal vibrations bands of the spectra of
density of states Gea(v) and IR absorption for isolated
molecules and dimer clusters (base 6-311G(d, p)) [36].
Calculation for trimer and tetramer clusters were per-
formed on different level (base 6-31G) [36]. The calcu-
lations of the geometrical structure of molecules and the
frequency and intensity of harmonic vibrations were per-
formed using approximate nonlocal functionals: B3LYP
(including various exchange energies proposed by Becke
and correlation energy functional of Lee, Young and
Parr) [37-39] and Gausche base-type [36] wave func-
tions 6-311G(d, p). Molecular geometry optimization for
the lowest energy conformation of isolated molecules and
clusters was performed. Then, for the optimized struc-
ture, frequencies of harmonic vibrations and intensities of
IR bands were calculated. Classification was carried out
taking into account the distribution of vibrations result-

ing from the nature of the internal coordinate’s changes
(stretching, deformation and torsion vibrations). The
DFT calculations allow to establish the frequencies v;
of the normal modes and displacements A, (v;) in corre-
sponding normal mode j of a molecule of n atoms. Am-
plitude weighted density of states Gea(v) is described as

Gv) ~ Z So[AM )6 — vy).

The incoherent inelastic neutron scattering cross-
-section, which is determined by Gea(v), has been ob-
tained by the a-Climax program [40] using the results
of atomic displacements and normal modes frequencies
obtained from Gaussian program. Next, the program
Resol [20] was used to perform convolution of the Dirac
delta functions with resolution function of the NERA-
-PR spectrometer and to calculate the IINS time of flight
(TOF) spectra. The experimental and calculated TINS-
-TOF spectra have been compared after transformation
to the weighted amplitude of the density of vibrational
states in approximation of one-phonon incoherent scat-
tering process [19-23].

3. Results
3.1. Isolated molecules

The structures of the lowest energy of trans and gauche
conformers of 2,2-DM-1-B and 2,3-DM-2-B calculated on
the B3LYP/6-311G** level are displayed in Fig. la-d.
The parameters of geometry for both isomers studied
are shown in details in Table I. The optimized molec-
ular structure of isolated molecule obtained by the PM3
method is close to that determined by DFT method.

Fig. 1.

Geometry of trans (a, ¢) and gauche (b, d)
conformers of 2,2-dimethylbutan-1-ol (a, b) and 2,3-di-
methylbutan-2-ol (c, d).

The structure of the 2,2-DM-1-B and 2,3-DM-2-B
molecules calculated by DFT method have the electronic
energy (E,) of —312.38 Ha and —312.39 Ha, respec-
tively. The energy of studied isomers (2,2-DM-1-B and
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Fig. 2. Energy of molecule as a function of the an-
gle of rotation of —CH>OH subunit around C1-C2
bond for 2,2-dimethylbutan-1-ol (a) and of rotation of
—CH(CHgs)2 around C2-C3 bond for 2,3-dimethylbutan-
-2-ol (b).
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2,3-DM-2-B) around C1-C2 bond and rotation of the
—CH(CHj3)2 around C2-C3 bond for 2,3-DM-2-B have
been calculated by the PM3 method, as less time con-
suming, and we have obtained three rotational confor-
mations: trans, gauche(—) and gauche(+). The height of
the potential energy barrier between trans — gauche(+)
and gauche(+)—gauche(—) conformations is 3 kcal /mol
and 2.8 kcal/mol for 2,2-DM-1B, while 4.1 and 4.0 for
2,3-DM-2 B, respectively, as shown in Fig. 2.

TABLE I
Optimised geometry of 2,2-dimethylbutan-1-ol and 2,3-dimethylbutan-2-ol molecules.
2,2-dimethylbutan-1-ol 2,3-dimethylbutan-2-ol
Internal Bond length [A] Bond length [A]
bond Isolated molecule Isolated molecule
DFT/B3LYP/6-311G** PM3 DFT/B3LYP/6-311G** PM3
trans gauche trans | gauche trans gauche trans | gauche
H-O 0.96107 0.96154 [0.94994]0.94968| O-H 0.96246 0.96268 10.94970(0.94999
H-O 0.96107 0.96154 |0.94994|0.94968| O-H 0.96246 0.96268 |0.94970|0.94999
C1-C2 1.53902 1.54644 |1.52572|1.52510| C1-C2 1.53710 1.53619 |1.52379|1.52436
C2-C3 1.54969 1.54946 |1.52832|1.52866| C2-C3 1.55701 1.55419 |1.53082|1.53124
C3-C4 1.53266 1.53271 |1.52281|1.52284| C3-C4 1.53782 1.53617 |1.52405|1.52353
C2-C5 1.54001 1.54016 |1.52466|1.52424| C2-Cb 1.53710 1.53569 [1.52359|1.52332
C2-C6 1.54000 1.53861 |1.52497|1.52447| C3-C6 1.53782 1.53550 [1.52396|1.52430
Internal Internal angles [degree] Internal angles [degree]
bond Isolated molecule Isolated molecule
DFT/B3LYP/6-311G** PM3 DFT/B3LYP/6-311G** PM3
trans gauche trans | gauche trans gauche trans | gauche
H-O-C1 108.165 108.019 |109.484|109.603| H-O-C2 107.850 107.739 109.524]109.529
0-C1-C2 | 109.590 108.019 |111.151|110.804| O-C2-C1 109.265 108.286 |108.387|108.240
C1-C2-C3| 106.679 108.204 |107.554|108.851| O-C2-C5 | 111.265 109.138 |108.774|108.411
C2-C3-C4| 116.410 116.704 |113.072|112.830| O-C2-C3 | 105.613 103.970 [110.434|107.778
C1-C2-C5| 108.934 109.133 |109.120|109.119|C1-C2-C3| 111.695 111.387 ]110.646|112.462
C1-C2-C6| 108.927 107.368 {109.499|108.189|C1-C2-C5| 109.213 110.313  [108.198|109.058
C3-C2-C5| 111.118 111.311 |110.687|110.655|C2-C3-C4| 112.411 112.638 [111.150{111.202
C3-C2-C6| 111.119 111.145 |110.393|110.730|C2-C3-C6| 112.411 113.754 |111.297|112.469
C5-C2-C6| 109.964 109.570 |109.550|109.244|C4-C3-C6| 109.543 110.491 |108.428|108.945
C3-C2-C5| 111.695 113.430 |110.334|110.749

Figure 3a presents the low temperature Gexp(V)
phonon density of states spectra of crystal and glass of
ODIC phase of 2,2-DM-1-B together with the calculated
ones in isolated molecule approximation for trans (upper
part) and gauche (lower part) conformation, respectively.
An excess of vibrational density of states is evidenced for
the glassy phase (GC2) with respect to the well-ordered
crystals (C3). It is in agreement with the results reported
earlier [24-26]. Moreover, the G(v) ~ v? behaviour ob-
served for ordered crystal is consistent with the Debye

theory for dynamics of crystal lattice, while the linear
frequency dependence of density of states G(v) ~ v as
received in glass of ODIC phase.

In Fig. 3b the calculated Ga1(v) spectra for two con-
formations (trans and gauche type) of isolated molecule
are shown together with the experimental phonon density
of states spectra of crystalline sample of the 2,3-DM-2-B.
In Table II the frequencies of vibrational normal modes
calculated in isolated molecule approximation of 2,2-DM-
-1-B and 2,3-DM-2-B are compared with the experimen-
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Fig. 3. Comparison of the experimental IINS low-

-temperature phonon density of states Gexp (V) of crystal
and glass of ODIC phase for 2,2-dimethylbutan-1-ol and
of crystal phase for 2,3-dimethylbutan-2-ol with Gca(v)
calculated by DFT method using the B3LYP /6-311G**
level. For both alcohols we compare two conformations
(trans and gauche) of molecules.

Fig. 4. Geometry of the lowest energy conformers in
clusters: dimer (a), trimer (b), tetramer (c) of 2,2-di-
methylbutan-1-ol and dimer (d), trimer (e), tetramer
(f) of 2,3-dimethylbutan-2-ol.

tal ones obtained by the neutron G(v) at 20 K and IR
at 290 K spectroscopes. In lower part of Figs. 5-8 the
calculated phonon density of state spectra G(v) and IR
absorption for 2,2-DM-1-B and 2,3-DM-2B, respectively,
are presented . Moreover, in upper part of these figures
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Fig. 5. The comparison of experimental and calcu-
lated phonon density of states spectra for 2,2-dimethyl-
butan-1-ol. The frequencies of out-of-plane y[O-H. . .O|
bands are marked with green arrows, while of in-plane
0[O-H...O|] bands with blue arrows. The calculated
frequencies of density of states Geai(r) (marked by
columns bars) and the spectra including resolution func-
tion of the NERA-PR spectrometer (solid lines) for 2,2-
-dimethylbutan-1-ol.

there were shown the appropriate experimental spectra.
Both studied isomers of dimethylbutanol have 57 normal
vibrational modes, namely 6 torsional out-of-plane, 31
deformational in-plane and 20 stretching.

For 2,2-DM-1-B the torsional out-of-plane x[C—C] of
methyl’s as well as (one) x[C—O] modes, identified using
the BSLYP/6-311G** (PM3) method of calculations were
localized between 85 cm™! and 273.7 cm™! (and by the
PM3 at 93.5 cm™! and 250.5 cm™'). In the IINS experi-
mental spectra the strong bands described mainly as out-
-of plane torsion of methyl group appear (in cm~1!) at 92,
121.3, 153.8, 209, 231, 240, 267.1 and 296, among them
the ones at 92 and 121.3 cm~! are lying in the lattice
branch. The band at the lowest value of energy trans-
fer are assigned as out-of-plane torsion of (CHs)sCHa
group. The modes assigned as out-of-plane torsion of
methyl group are very weak in IR spectra while they are
strong in neutron spectroscopy.

The deformational in-plane 6[C—C—C,,] modes, where
the C,, atom belongs to a methyl group (i.e., C3, C5,
C6, notation as in Fig. 1la,b), were predicted in the range
from 310.8 to 560.4 cm ™! (330.9 to 577.4 cm™! by the
PM3) and appear in G(v) in the range from 342 to
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642 cm~! in the IINS spectra. The bands at 344, 370 and
401 cm~! are strong because they are accompanied by
the in-plane motion of methyl. The stretching modes of
the v[C2—C,y,] type were predicted at 787.7 or 789.8 cm™!
(836.3 cm~! by the PM3) and were observed at 793 cm ™!
in experimental G(v) spectra at 20 K, as well as in IR
spectra at room temperature at 782.1 cm™!.

The DFT (PM3) calculations give the position of defor-
mational in-plane §[C—Cp, —H,,| modes in the range from
953 to 1054.5 cm ! (from 941.2 to 1020 cm™1). In G(v)
spectra they are at 929, 951.5, and 1010 cm ™!, while in
IR at 938.4, 956.7, 993.3, and 1008.8 cm !, respectively.

The symmetric and asymmetric stretching v[Cp—Hp|
modes of methyl groups were identified by the DFT
(PM3) method between 3026.6 and 3115.4 cm ™" (2936.1
and 3057.6 cm~!) and in the MIR spectra the broad band
was observed close to 2721, 2873.7, 2964.1 cm ™.
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TABLE II

Experimental frequencies of MIR and Gexp(v) results for 2,2-dimethylbutan-1-ol and of FIR, MIR and Gexp(v)
results for 2,3-dimethylbutan-2-ol and calculated frequencies for isolated molecules.

2,2-dimethylbutan-1-ol

2,3-dimethylbutan-2-ol

Experimental [ Calculated Assignment and Experimental [ Calculated Assignment and
frequencies [cm ™ '] PED [%] > 10% frequencies [cm ™ || and PED [%] > 10%
FIR 90 K/ | Gexp(v) B3LYP/ . Gexp (V) B3LYP/
MIR 290 K 20 K 6-311G** PM3 MIR 290 K 20 K 6-311G** PM3
trans | gauche - trans | gauche
92.0+1 [ 89.7 | 85.0 [93.5| x[C1-C2]78% 107.7+1 ] 658 | 73 [102.3 x[C2-C3] 82%
123.4+1
96 o|O-H...O]
121.3 £1(129.0| 130.0 |116.7| x[C2-C3] 73% 193.1| 218.6 | 170.8 x[C2-C1] 29%
x[C2-C6] 10% x[C2-C5] 29%
x|C3-C4] 20%
x[C3-C6] 20%
171 153.8 £ 1(205.0| 208.9 |157.4| x[C2-C5]49% 182.3 £1 [214.9| 241.9 | 190.1 x[C3-C6] 25%
209 £1 x[C3-C4] 33% x[C3-C4] 25%
x[C2-C6] 11% x[C2-C5] 24%
x[C2-C1] 24%
212 x[O-H] 205.2 + 1 [217.2] 253.9 | 201.9 x[C3-C6] 21%
232 231+ 1 |213.1] 222.5 [187.3] Xx[C2-C6] 50% x[C3-C4] 21%
240 + 1 x[C2-C5] 29% x[C2-C1] 14%
x[C2-C5] 13%
218.4| 248.1 [213.3| x[C3-C4] 25% 235.1 +1 |247.7| 262.9 | 241.9 x[C2-C1] 22%
5[C1-C2-C3] 23% x[C2-C5] 21%
x[C2-C6] 10% x[C3-C6] 17%
x|C3-C4] 17%
260 267.1 £1(267.9| 273.7 |250.5| x[C3-C4] 28% 261.2+1 |291.2| 283.6 | 273 0[O-C2-C3] 31%
278 x[C2-C5] 15% 5[C3-C2-C1] 13%
§[C1-C2-C5] 14% 8[C2-C3-C4] 12%
5[C1-C2-C3] 10% 5[03-C2-C5] 11%
4[C2-C3-C6] 11%
293 296.0 + 2[271.9] 290.7 [285.4| x[O-C1] 79% 297.9 + 2 [291.3] 290.7 | 277.8 x[0-C2] 71%
0[O-C2-C1] 10%
320 344 +2 [306.8| 310.8 |330.9|46[C3—-C2-C6] 30% 364.0 £ 2 [304.8| 299.2 | 358.3 | J[C3—-C2—C1] 27%
340 8[C1-C2-C6] 26% 8[C3-C2-C5] 27%
5[C3-C2-C5] 14% 5[{0-C2-C1] 14%
0]O-C2-C5] 13%
358 370 +£3 [333.7| 349.1 |372.8|4[C3—-C2-C5] 30% 375.9+ 3 [368.7| 353.8 | 406.0 | S[C5—C2—C1] 45%
371 6[O—C1-C2] 20% 4[C4-C3-C6] 24%
[C5—-C2-C6] 19% 6[O-C2-C5] 10%
6[O-C2-C1] 10%
401 401 + 3 |374.1| 354.1 [420.4|46[C1-C2-C5] 30% 414.7 418.4 £3 |375.5| 367.1 | 413.2 | §[C2-C3-C4] 36%
418.5 S§[C5-C2-C6] 29% 449.4 §[C2-C3-C6] 35%
8[C2-C3-C4] 21% 464.8
434 408.4 | 411.5 |439.3|5[C3-C2-C5] 25% 392.8| 408.8 | 451.4 | §[C5-C2-C1] 20%
5|C3-C2-C6| 17% 5|C4-C3-C6] 18%
§[C1-C2-C6] 17% §[C3-C2-C5] 12%
4[C3-C2-C1] 11%
447 464 +4 |421.7| 445.6 [444.4|6[C2-C3-C4] 24% 488.2 472.0 £ 4 |446.5| 458.3 [483.98| 4[C4-C3-C6] 28%
5[C1-C2-C3] 23% 5[03-C2-C5] 15%
483 481 + 4 8[C5—-C2-C6] 14% 4[C3-C2-C1] 15%
8[O-C2-C1] 12%
6]O-C2-C5] 12%
529.5 +1 536 £5 |549.9| 560.4 |577.4| 6[O-C1-C2] 22% 537.0 4979+ 5 |493.6 | 484.3 | 528.0 6[O-C2-C5] 20%
562.2 637 £5 5[C2-C3-C4] 22% | 618.2 | 540.6. +5 5|0-C2-C1] 20%
642.3 §[C3-C2-C5] 12% 5[C3-C2-C1] 14%
4[C3-C2-C5] 14%
721.4 728 £8 |727.7| 709.1 |806.4| §|C4-C3-H] 34% 700.2 711.9 + 8 |563.6 | 537.1 | 579.9 6[O-C2-C3] 31%
733.9 5|C3-C4-H] 16% 5|C2-C3-C6] 13%
§[C2-C3-H] 11% §[C2-C3-C4] 13%
782.1 793 +£9 |789.9| 787.7 |836.3| v[C2-C3] 22% 730.3 £ 9 |704.2| 695.3 | 789.3 v[C2-C3] 50%
v[C2-C5] 20% 775.0+£9
v[C1-C2] 17%
v[C2-C6] 11%
865.1 887 + 10 [867.8| 867.9 |885.8| §[H-C1-C2] 43% 853.5 865.7 £ 10|844.7| 855.9 | 928.4 v[C2-C5] 19%
875.7 5[0-C1-H] 10% v[C2-C1] 19%
v[0-C2] 15%
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TABLE II (cont.)

904.6 931.3 | 903.3 | 906.0 | v[C1-C2] 31% 911.4 [927.6 4+ 10| 920.5 | 917.9 | 933.7 | S[C3-C6-H] 26%
v[C2-C3] 18% 5[C3-C4-H] 26%
5[C2-C6-H] 20%
938.4 929 + 10 | 953.6 | 941.4 | 941.2 |§[C2-C6-H] 40% 922.2 | 922.1 | 939.8 | §[C2-C5-H]| 32%
5[C2-C5-H] 35% s[C2-C1-H] 32%
956.7 |951.5 £ 10| 965.8 | 969.2 | 952.6 | §[C2-C5-H] 22% | 945.1 932.3 | 935.2 | 964.0 v[0O-C2] 20%
5[C2-C6-H] 16% §[C2-C5-H] 15%
v[C2-C6] 13% 8[C2-C1-H] 15%
v[C2-C5] 13%
993.3 1003.6 | 998.4 | 983.7 | §[C2-C5-H] 25% | 963.4 958 &+ 10 | 946.9 | 949.3 | 966.7 | S[C3-C6-H] 14%
5|C2-C6-H] 16% 6[C3-C4-H] 14%
5[C2-C5-H] 16%
5[C2-C6-H] 12%
1008.8 | 1010 £ 10 {1020.9|1024.1|1010.5 | 5[C2-C3-H] 45% | 989.5 984+ 10 | 968.7 | 975.2 | 982.5 | §[C2-C5-H] 22%
5[C3-C4-H] 16% §[C2-C1-H] 22%
1054.5|1052.8[1020.0| §[C3-C4-H] 32% | 1056.0 1010.1|1004.7 | 996.2 v[C3-C6] 13%
v[C3-C4] 13%
1035.8 1092.8|1065.9[1035.0| 6[O—C1-H] 47% | 1064.7 | 1072+ 15 |1061.4|1086.5|1034.7| 6[C2-C3-H]| 25%
1059.9 S[H-C1-C2] 30% 8[C3-C4-H] 15%
5[C3-C6-H] 15%
1070.5 | 1074 £ 13 {1100.9|1087.9|1100.4 | §[C4-C3-H] 18% | 1099.4 1111.4(1104.3|1088.7| S[H-C3-C4] 33%
v[C3-C4] 17% S[H-C3-C6] 33%
5[0-C1-H] 11%
1179.5 | 1129 £ 15(1194.9|1174.0|1113.4|[C4-C3-H] 38% | 1147.6 1160.9|1146.0|1125.1 | [H-C3-C6] 14.45%
1189 + 15 5[C3-C4-H] 12% S[H1-0O-C2] 13%
5|0-C1-H] 10%
1220.91221.91129.7| v[C3-C4] 38% 1172.7 1192.3(1199.9(1139.3| §[C3-C4-H] 12%
S[C3-C6-H] 12%
1231.0(1237.5|1186.3| v[C1-C2] 12% 1203 £ 15 [1213.5(1209.0 | 1224.8 v[C2-C1] 29%
v[C2-C5] 29%
1200.7 | 1240 £ 15 |1283.3|1286.8|1279.5| v[C1-C2] 19% 1222.9 1217.8(1224.7(1246.4 v[C2-C3] 21%
1224.8 v[C2-C5] 11% S[H1-O-C2] 19%
1234.4 5[C2-C3-H] 10%
1274.0
1306.8 | 1288 = 15 |1292.5|1332.6|1289.8| v[C2-C5] 14% 1312.6 1333.4(1351.5(1286.3 v[C3-C6] 10%
v[C2-C6] 13% v[C3-C4] 10%
1339.6 | 1340 + 15 |1354.0|1371.6|1294.7| §[H-C1-H] 30% | 1318.3 1349.0(1359.7(1322.7 v[O-C2] 47%
S[H-C1-C2] 12%
5[H1-O-C1] 12%
1377.3| 1384 |1313.5| v[C2-C3] 22% 1372.3 1382.0|1373.8|1344.7| S[H-C6-H] 18%
S[H-C4-H] 18%
S[H-C5-H] 15%
S[H-C1-H] 14%
1363.7 | 1399 & 20 |1400.5|1399.3 |1340.8 | 6[H-C1-H] 25% | 1384.9 | 1397 £ 20 [1395.9(1399.9(1349.8| J[H-C4-H] 16%
S[H1-O-C1] 20% S§[H-C6-H] 16%
S[H-C3-H] 18% S[H-C1-H] 12%
v[0-C1] 11% S[H-C5-H] 12%
1380.0 1411.7|1409.7 | 1347.7 | §[H-C3-H] 20% 1400.3|1401.3|1352.1| §[H-C5-H] 31%
S[H1-O-C1] 16% S§[H-C1-H] 31%
1389.7 1417.9|1416.3 |1348.4| 6[H-C5-H] 51% 1413.3|1414.9|1359.3| S[H-C5-H] 32%
S[H-C4-H] 17% S[H-C1-H] 31%
1456.1|1428.6 [1352.2 | 6[H-C6-H] 53% 1437 4+ 20 [1421.3|1424.9|1359.9| J[H-C6-H] 42%
S[H-C5-H] 14% S[H-C4-H] 37%
1487.5(1488.9 |1356.9 | S[H-C6-H] 52% | 1463.9 | 1454 4 20 [1481.5|1483.1|1361.6| J[H-C4-H] 22%
§[H-C4-H] 19% S[H-C6-H] 20%
S[H-C5-H] 10%
1487.71489.8|1360.4 | S[H-C6-H] 27% 1483.6|1486.7|1365.4| S[H-C1-H] 31%
S|H-C5-H]| 27% S|H-C5-H]| 28%
1498.11494.31364.0| §[H-C4-H] 61% 1498.2| 1494 |1365.9| S[H-C4-H] 18%
S[H-C6-H] 10% S[H-C6-H] 17%
S[H-C5-H] 11%
1464.0 | 1461 &+ 20 |1504.1|1501.2(1369.5| v[O-C1] 19% 1501.2|1499.7|1369.6| S§[H-C6-H] 12%
5[H1-O-C1] 12% S§[H-C4-H] 12%
v[C1-C2] 12%
1511.91509.9 [1369.7 | §[H-C5-H] 27% 1504.8 [1509.5|1383.1 v[C3-C6] 17%
v[C2-C5] 13% v[C3-C4] 17%
1475.5 1512.8(1512.2|1380.4| v[C2-C6]28% 1479 + 20 [1506.6 |1513.4|1392.9| S[H1-O-C2] 40%
S[H-C6-H|12% v[C2-C3] 18%
1520.2|1514.4[1391.1| v[C3-C4]20% 1516.1|1515.6 |1415.9| S[H-C4-H] 17%

S[H-C5-H]|11%
v[C2-C5] 10%

S[H-C6-H] 17%
S[H-C1-H] 14%
S[H-C5-H] 14%
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TABLE I (cont.)

1524.3|1523.1 [1425.2| §[H-C5-H|21% 1529.6 |1522.2[1431.5| S[H-C6-H] 10%
S[H-C4-H|20% §[H-C4-H] 10%
v[C3-C4]12% S§[H-C5-H] 10%
S[C3-C4-H]11%
2721.5 2959.2(2974.7(2828.4| v[C1-H] 93% 2603.9 3004.1(3011.4(2764.9 v[C3-H] 99%
2725.4
2873.7 2991.8 |3008.3(2848.0| v[C3-H] 99% 2879.7 3019.2(3019.7 [2941.5 v[C6-H] 27%
v[C4-H] 26%
v[C5-H] 15%
v[C1-H] 15%
2998.8(3014.7 [2914.2| v[C1-H]90% 2941.4 3026.1(3025.8 [2943.4 v[C4-H] 26%
v[C6-H] 26%
v[C1-H] 16%
v[C5-H] 15%
3021.2(3020.8 [2916.1| v[C3-H] 93% 3032.3| 3027 [2954.4 v[C5-H] 26%
v[C1-H] 25%
v[C4-H] 14%
v[C6-H] 14%
3026.6 [3028.1(2936.1| v[C5-H]43% 3037.8(3032.2(2956.1 v[C1-H] 26%
v[C4-H] 39% v[C5-H] 25%
v[C4-H] 15%
v[C6-H] 14%
3028.3(3058.0(2948.4| v[C4-H] 42% 3073.9(3077.9(2977.6 v[C6-H] 54%
v[C5-H] 37% v[C4-H] 44%
2964.1 3032.5(3065.2 (2970.5| v[C6-H] 93% 3082.6|3078.5[2978.6 v[C4-H] 54%
v[C6-H] 45%
3083.8(3072.1(2973.2| v[C5-H] 83% 3089.7| 3085 |2979.9 v[C5-H] 75%
v[C1-H] 25%
3085.2(3077.4(2975.3| v[C6-H] 73% 3094.3| 3088 [2980.7 v[C1-H] 75%
v[C5-H] 24%
3091.2|3084.5 [2977.5| v[C4-H] 92% 3106.2|3098.5 [3050.8 v[C6-H] 52%
v[C4-H] 33%
3098.1| 3089 (3045.5| v[C5-H] 82% 3110.7|3108.6 [ 3052.2 v[C6-H] 51%
v[C4-H] 17% v[C5-H] 42%
3111.8(3095.7(3052.7| v[C4-H] 97% 3122.3(3117.4|3053.2 v[C5-H] 85%
3115.4|3097.4 (3057.6| v[C6-H] 97% 3123.2(3124.3|3054.2 v[C6-H] 81%
3351 3850.7|3839.0 [3735.3| v[H1-O] 100% 3389.9 3826.1(3821.9(3758.9 v[H1-O] 100%

x — torsion mode, 6 — deformational mode,

v — stretching mode.

TABLE III

Geometrical parameters for O-H...O hydrogen bonds calculated for 2,2-dimethylbutan-1-ol and
2,3-dimethylbutan-2-ol in hydrogen bonded clusters.

2,2-DM-1-B 2,3-DM-2-B
B Monomer | Dimer ‘ Trimer ‘ Tetramer | Monomer Dimer ‘ Trimer ‘ Tetramer
ond
length 4] length |A]

O1-H1 0.96071 0.96977 | 0.98232 0.98953 0.96246 0.97034 | 0.95952 0.96272
02-H2 0.96152 | 0.98501 0.99108 0.96393 | 0.96014 0.96147
03-H3 0.98474 0.99161 0.95268 0.96312
0O4-H4 0.99102 0.96413
O1-H4 1.74274 1.81374
0O2-H1 1.88760 | 1.88567 1.73292 1.91697 | 1.82820 1.82555
03-H2 1.85040 1.73782 1.83308 1.81672
0O4-H3 1.71934 1.83309
O1-H3 1.81293

01...02 2.85417 | 2.76442 2.69754 2.88178 | 2.77027 2.75710
02...03 2.76350 2.71353 2.68224 2.67601
01...03 2.71873

03...04 2.68823 2.76576
04...01 2.71935 2.66369
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For 2,3-DM-2-B the torsional out-of-plane x[C-C]
modes were predicted (in cm™?!) in the range from 65.8
to 262.9 cm™! by the DFT/B3LYP/6-311G** method
while from 102.3 to 273 cm~! by the PM3 method. In
the G(v) spectra the band at 42.3, 72.6, 94.7, 107.7, and
123.4 cm ™! are coupled with the lattice branches, and the
nice separated intramolecular modes are at 182.3, 205.2,
235.1, 261.2, and 297.9 cm~!. The last one was assigned
as methyl’s torsion.

Deformational in-plane modes of the §[{C-C2-C,,] type
(Cp is C1, C4, C5 or C6 of methyl, using carbon notation
as in Fig. 1c,d) were predicted in the range from 299.2
to 579.9 cm~! (from 273 to 579.9 cm~! by the PM3)
and were observed in the range from 340 to 642 cm™!
in the G(v) spectra at 20 K. The stretching modes of
the v[C2-Cyp,] type, predicted in the range between 704.2
and 855.9 cm ™! (789.3 and 928.4 cm ™! by the PM3) cor-
respond to weak modes at 775 and 865.7 cm~! in the
neutron spectroscopy.

The calculations of vibrational spectra by DFT/
B3LYP/6-311G** (PM3) method give the position of de-
formational in-plane §[C—C,,—H,,| modes in the range
from 917.9 to 975.2 em™! (933.7 to 982.5 cm™!). In
Gexp(v) spectra they are at 927.6, 958, and 984 cm™*,
while in TR at 911.4, 945.1, 963.4, 989.5 cm ', respec-
tively.

The symmetric and asymmetric stretching v[Cp—Hy|
modes in methyl groups were identified by the DFT
(PM3) method between 3019.2 and 3122.3 cm ™! (2941.5
and 3053.2 cm~!) and in the MIR spectra the broad band
is lying at 2603.3, 2725.4, 2879.7, and 2941.4 cm L.

3.2. Hydrogen bonds

Table IIT collects the O-H and O...0O distances, char-
acteristic for HB, calculated in the molecular clusters
[41] of linear or cyclic form. Hydrogen bridge bonding
in clusters was predicted (estimated) by the optimisa-
tion of their structure by the DFT method as shorter
ones and consequently HB interaction [27-32] is stronger
for 2,2-DM-1-B than that for 2,3-DM-2-B. Moreover,
with increasing number of molecules in the cluster the
O-H...O distance decreases similarly as the O-H bond.
The energy of a hydrogen bond is significantly lower than
that of a covalent bond, but it is stronger than dipolar
or the London dispersion force energies (< 10 kJ/mol).
Schematic structures of different clusters calculated for
2,2-DM-1-B and 2,3-DM-2-B are presented in Fig. 4a—f.
The intermolecular O...O distances are marked. The
clusters of the lowest energy [41] are formed for cer-
tain conformations of molecules, i.e., for the 2,2-DM-1-B
dimer and trimer are composed of the trans conforma-
tions, while the cyclic tetramer consists of three trans and
one gauche conformers. For 2,3-DM-2-B molecules dimer
is formed of gauche and trans conformations, while the
trimer and tetramer are built of gauche conformations.

Hydrogen bond vibration modes for normal hydro-
gen bonds may be determined by analysing the follow-
ing O-H...O frequencies: O—H stretching in region from

1700 to 3700 cm~!, HB in plane bending in region be-
tween 1700 and 1900 cm~!, HB out-of-plane bending in
range from 400 to 900 cm~!, HB stretching in region
from 50 to 600 cm !, HB bending below 50 cm~! [27].
In order to discuss the properties of HB in both studied
isomers, the calculations of vibrational spectra for iso-
lated molecule, dimer, trimer and cyclic tetramer were
performed. They were collected with the experimental
ones (neutron G(v) and infrared absorption spectra) in
Figs. 5-8, respectively. With increasing size of cluster
the calculated frequencies of normal modes are changing.
The calculated spectra for tetramer are the closest to
the experimental ones. The common, characteristic fre-
quencies of normal modes for both experimental method,
assigned as in-plane § and out-of-plane v for O—H...O in-
teractions in 2,2-DM-1-B and 2,3-DM-2-B were collected
in Table TV.

TABLE 1V

The frequency of O-H...O hydrogen bonds observed
in 2,2-dimethylbutan-1-ol and 2,3-dimethylbutan-2-ol.
Meaning of the symbols is the following: - in plane and
~v-out of plane deformational vibrations.

[ 2.2-dimethylbutan-1-ol [ 2.3-dimethylbutan-2-ol

vibration | y[0O-H...O] [ §[O-H...0] [ y[O-H...O] [ 4[0-H...O]
[em™T]

dimer |~ =252.3 [ 6, = 1189.7 [ v1 = 257.4 | &; = 1158.7
2 =684.5 | 63 = 1251.3 | y2 = 612.5 | 6y = 1441.7

trimer | 41 = 709.9 | §; = 1217.9 | v, = 323.4 | &; = 1159.7
2 =739.0 | 62 = 1293.4 | o = 678.1 | 6 = 1406.2

y3 = 762.2 | 3 = 1365.8 | v3 = 701.7 | §3 = 1442.1

tetramer | v1 = 793.5 | §;1 = 1228.7 | v1 = 696.8 | §; = 1233.4
Y2 = 864.7 | 63 = 1229.1 | 2 = 769.6 | 62 = 1376.4

Y3 = 868.4 | 63 = 1416.4 | y3 = 793.2 | §3 = 1421.3

o =884.7 | 64 = 1422.2 | 4 = 864.9 | 64 = 1450.3

For 2,2-DM-1B the position of the v[OH] stretching vi-
brations mode of hydroxyl group in IR absorption was
obviously discussed, as it was very flexible for hydro-
gen bond interaction. In IR absorption spectra recorded
at room temperature broad band at 3356 cm™! in 2,2-
-DM-1-B appears. The DFT calculation performed for
tetramer predicted it, without scaling, subsequently at:
3279, 3368, 3380, and 3425 cm~! as given in Fig. 7.
The calculated O...O distances in tetramer (in A) are:
2.69754, 2.71353, 2.68823, and 2.71935 for 2,2-DM-1-B.
The data confirm the correlation between the position
of stretching O—H modes and the O—H...O distance pro-
posed by Novak [28], on the ground of complementary ex-
perimental studies of vibrational spectroscopy versus the
structural data for the compounds with different forces
of HB.

The in-plane bending 6[O-H...O] vibrations are
predicted (in cm™!) at 1228.7, 1229.1, 1416.4, and
1422.2. They also appear in IR spectra at 1339.6 and
1363.7 cm™!. The out-of-plane bending v[O-H...O] vi-
brations are expected at 793.5, 864.7, 868.4, and 884.7 in
cm~!. They are visible in the room temperature of FIR,
spectra at 865.1 and 875.7 cm~!. Visualization of the re-
sults of calculation performed for cyclic tetramer shows
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characteristic stretching and bending HB modes in close
neighbourhood to that predicted by PM3 method (i.e.,
93.5, 187.3, and 285.4 cm™1).

The calculated frequencies of out-of-plane v[O-H. . .O]
and in-plane 6[O-H...O] normal vibrations are shifted
towards higher frequencies with increasing number of
molecules in the clusters (the so-called blue-shift) [29, 31-
33|, while the stretching v[O—H] are shifted towards lower
frequencies with increasing size of cluster (the so-called
red-shift) [29, 31, 32].

Far-infrared spectra of 2,2-DM-1-B measured during
cooling and heating are shown in Figs. 9a and b, respec-
tively. The frequencies of vibrational modes originating
from the hydroxyl group are shifted together with tem-
perature change, i.e., 96, 212, and 371 cm ™.

For 2,3-DM-2-B the stretching v[OH] are predicted,
without scaling, for tetramer (in cm™!) at 3362, 3380,
3432, and 3489. The calculated O...O distances in
tetramer (in A) are: 2.75710, 2.67601, 2.76576 and
2.66369 in 2,3-DM-2-B, respectively. In FIR absorption
spectra in liquid phase recorded at 290 K broad band at
3392 cm~! appears.

The calculated in-plane bendings ¢6[O-H...O] for
tetramer were obtained at 1233.4, 1376.4, 1421.3 and
1450.3 cm™! (Fig. 6). The absorption bands are visible
in IR spectra at 1479, 1222.9, and 1147.6 cm ™.

The out-of-plane v[O-H...O] modes are predicted at
696.8, 769.6, 793.2, and 864.9 cm~'. However, the exper-
imental IR spectra give it at 700.2 cm~!. The character-
istic stretching and bending HB modes may be predicted
close to that for 2,2-DM-1-B.

The HB is stronger for 2,2-DM-1-B than for 2,3-DM-
-2-B due to a more elongated shape of the molecules of
1-butanol. The presence of HB leads to changes in the
frequencies of vibrations of the hydroxyl group for each
type of cluster: frequencies of the out-of-plane v[C-O-H]
and the in-plane 6[C-O-H] vibrations are higher of 100%
and 30%, respectively, while the frequency of v[O-H]
stretching vibration band is lower of about 10% for both
compounds (see arrows in Figs. 5-8). Growth of a num-
ber of molecules in the cluster improves agreement of the
calculated and experimental frequencies of vibrations as
shown in Figs. 5-8.

4. Conclusion

The comparison of the Gexp (V) spectra for crystalline
and glassy states of 2,2-DM-1-B (Fig. 3a) clearly showed
smear-out, of the Van Hove phonon singularities and ex-
cess peak in density of states (boson peak) below 50 cm™?
in glass in respect to the crystal. Intensive bands ob-
served in the spectra of the density of states correspond
to the libration of methyl groups of molecules.

Quantum chemistry modelling of the 2,2-DM-1-B and
2,3-DM-2-B molecules displays different rotational con-
formations. The value of calculated total formation en-
ergy for optimised structure by DFT method is nearly
the same for both studied isomers.

The Gea(v) calculated in isolated molecule approxi-
mation are in quantitative agreement with experimental
ones, but cannot explain details of the Gexp(v) at fre-
quencies below 500 cm~!. The low frequency internal
rotation of molecular subunits of both isomers around the
C2-C3 bond of carbon atoms is mixed with the lattice
modes below 100 cm™!. The DFT modelling of vibra-
tional spectra of small linear and cyclic clusters allow us
to assign the vibrational modes observed by IR and IINS
spectroscopy more precisely. Calculated positions of the
out-of plane torsion of methyl group for cyclic tetramer
by the B3LYP method well correlated with the experi-
ment Gexp(v) data. Moreover, the low frequency modes
lying in region of the lattice branch were also predicted.

The optimisation of the structure of the cluster gives
the information on the chain length and chain confor-
mation. The calculated distance between oxygen atoms
arranged in intermolecular interaction in analysed differ-
ent type of clusters is close to typical length of hydrogen
bridge bond. Consequently, the characteristic hydrogen
bond vibration modes were determined. Chain length
and chain conformation correlate with the energy flow
out of the O—H oscillators into the rest of the molecules
or molecular clusters [37]. Our data confirm the correla-
tion between the position of stretching O-H modes (red-
-ghift) and the O-H...O distance proposed by Novak.
The next calculated HB mode, deformational in-plane
and out-of-plane show blue shifting with increasing the
cluster size. Moreover, their coupling with external vi-
brations ¢[O—-H. ..0O] or/and phonon, which stretch, com-
press and deform the hydrogen bonds may be explained.

The predicted frequencies of vibrations of hydrogen
bond of tetramer clusters give good agreement of experi-
mental (IINS, FIR and MIR) dynamic spectra. Coupling
of methyl and molecular librations as well as the origin
of the o, v and § deformations of hydrogen bonds were
shown in crystalline phase of DMB.
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