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In this paper, we have studied local structure, interactions scheme and molecular dynamics of series of
aliphatic butanol (AB) isomers: n-butanol, iso-butanol, sec-butanol, and their phenyl counterparts
(PhB): 4-phenyl-1-butanol, 2-methyl-3-phenyl-1-propanol, and 4-phenyl-2-butanol by means of X-ray
diffraction (XRD), Fourier transform infrared (FTIR), and broadband dielectric spectroscopy (BDS) meth-
ods. XRD demonstrated that aside from the main peak related to the nearest-neighbour intermolecular
correlations, there is a strong pre-peak at low scattering vector range for ABs, while for PhBs, this diffrac-
tion feature was weakly visible or not detected at all. At first sight, it suggests that molecules in aliphatic
alcohols tend to associate and form medium-range order, while PhBs can be considered as disordered,
simple liquids. However, further thorough FTIR and BDS spectroscopy investigations have shown that
the phenyl moiety affects only slightly the degree of association and does not influence the strength of
H-bonds in aromatic alcohols. What is more, PhBs are characterized by a similar Kirkwood factor (g
> 1) to the ABs. 4-phenyl-2-butanol is characterized by the greatest g, ~ 3.7 among all studied herein
alcohols, indicating a strong correlation between dipole moments and the formation of nanoassociates
of chain-like topology in its structure. Combining results obtained from different experimental tech-
niques, we pointed out that there are clear differences in dynamic and static properties between primary
and secondary alcohols, including medium- and short-range order, variation in the strength of H-bonds
and distribution of these types of interactions, the enthalpy of dissociation process, the glass transition
temperature, and Kirkwood factor, irrespective of the presence of steric hindrance posed by the phenyl
moiety. Results discussed in this paper clearly demonstrated that a superficial analysis of standard
diffraction patterns, which are often the first step to probe the structure of materials, may lead to wrong
conclusions. That is why complementary techniques must be applied together to understand the struc-

ture and behavior of assembling liquids.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Supramolecular self-assembly is a phenomenon underlying the
structure, thermodynamics, and physicochemical properties of
various systems, and above all, the fundamental processes occur-
ring in living organisms [1]. The driving forces responsible for
the association of molecules are weak interactions, i.e., electro-
static and van der Waals forces, m-nt stacking, or hydrogen bonding,
which entail the formation of supramolecular aggregates with high
stability. The molecular aggregation has been intensively explored
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in aqueous, and more generally, liquid binary mixtures due to their
importance in various biological, chemical, and engineering pro-
cesses, such as protein folding, membrane assembling, electro-
chemical charging, and heterogeneous catalysis [2-8]. By
manipulating the composition of a binary mixture (e.g., protic ver-
sus aprotic or polar versus non-polar solvent), one may induce
strong variation in the tendency to associate or enforce molecules
to form self-assembles of different architecture. In fact, prediction
and characterization of the static and dynamic properties of
nanoassociates in solutions are possible because there are many
experimental methods dedicated especially to study such systems.
A very useful technique is the solution-state infrared spectroscopy,
which supplies structural information on the supramolecular asso-
ciation upon dilution of the studied system (e.g., how the system

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Please cite this article as: B. Hachuta, J. Grelska, N. Soszka et al., Systematic studies on the dynamics, intermolecular interactions and local structure in the
alkyl and phenyl substituted butanol isomers, Journal of Molecular Liquids, https://doi.org/10.1016/j.molliq.2021.117098



http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.molliq.2021.117098
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:barbara.hachula@us.edu.pl
mailto:karolina.jurkiewicz@us.edu.pl
mailto:karolina.jurkiewicz@us.edu.pl
https://doi.org/10.1016/j.molliq.2021.117098
http://www.sciencedirect.com/science/journal/01677322
http://www.elsevier.com/locate/molliq
https://doi.org/10.1016/j.molliq.2021.117098

B. Hachuta, J. Grelska, N. Soszka et al.

changes with the solvent concentration and how the molecules
interact with each other in different kinds of solutions) [9-14]. This
method also enables researchers to determine the degree of asso-
ciation, the solvent character, the solute concentration, and the
steric hindrance effects. On the other hand, the dynamic and static
light scattering (DLS, SLS) measurements may provide the distribu-
tion and the mean size of the mesoscale aggregates as well as their
molecular weight in solutions [15,16,17]. However, it must be
stressed that the studies in solutions do not provide the informa-
tion on the ‘true’ self-assembly of a neat compound since the
molecular clustering in such a case is affected, or sometimes even
triggered, by the presence of a solvent.

In the case of highly viscous neat compounds, the investigation
of the supramolecular self-assembly is more difficult since most of
the available experimental tools lose power and become insensi-
tive to the molecular association and organization on a scale rang-
ing up to a maximum of a few nanometers. Based on the
publication records on this topic, one can state that there are four
main pillars of the supramolecular aggregation studies of neat liq-
uids - Fourier transform infrared (FTIR) spectroscopy, X-ray or neu-
tron diffraction (XRD or ND, respectively), broadband dielectric
spectroscopy (BDS), and molecular dynamics simulations. XRD/
ND allows revealing many features of the intermolecular structure
of liquids. In many systems forming the medium-range order and
mesophases, except for the main diffraction peak, related to the
short-range correlations between the nearest-neighbor molecules,
an additional feature, so-called pre-peak, may be observed. The
pre-peak’s parameters (i.e., intensity, width, and position) are sen-
sitive to various physical conditions (e.g., temperature and pres-
sure) and provide important information about the
concentration, geometry, size and degree of order of the
supramolecular structures in the liquid/glass phases, especially
when supported by the pair distribution function analysis and
molecular modelling [18,19,20]. In turn, the BDS method delivers
details on the long-distance correlation between the dipole
moments in associating liquids, reflected in the value of the static
permittivity or Kirkwood correlation factor, g,. The value of g, is a
fingerprint of the molecular organization in liquids. According to
the Dannhauser model applied for monohydroxy alcohols, the
value of g, allows to distinguish between chain- and ring-like orga-
nization of H-bonds in supramolecular clusters [21]. A piece of
valuable knowledge about the static and dynamic properties of
the supramolecular structures may also be provided by the analy-
sis of the position and the amplitude of the anomalous Debye
relaxation process, observed in self-assembling liquids, especially
in alcohols [1]. Interestingly, for this group of compounds with
highly polar units, IR spectroscopy also delivers extremely valuable
data about the character and the nature of directional H-bonds
implying the molecular clustering. Nevertheless, despite multilat-
eral and complex approaches to understanding the supramolecular
self-assembly and nanostructuring in neat viscous alcohols, many
issues, including the influence of a steric hindrance on the affinity
to form H-bonded clusters and their architecture, as well as on the
dielectric properties, remains unsolved.

In this paper, we systematically study a series of structural alkyl
butanol isomers: n-butanol (nBOH), iso-butanol (iBOH), sec-
butanol (sBOH), and their phenyl counterparts: 4-phenyl-1-
butanol (4Ph1BOH), 2-methyl-3-phenyl-1-propanol
(2M3Ph1POH), and 4-phenyl-2-butanol (4Ph2BOH), in neat forms,
to recognize the influence of steric hindrance in the form of the
phenyl ring as well as the location of the hydroxyl unit in the alkyl
chain with respect to the phenyl ring on the self-assembly phe-
nomena. We used three main experimental methods, XRD, FTIR,
and BDS, providing complementary data on the self-organization
of molecules, to create a clearer picture of their behavior in the
context of the self-assembly. Especially, the degree of association
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via H-bonds, their strength and distribution, the degree of the
intermolecular order on the short- and medium-range scale, the
size of the supramolecular clusters and the dielectric relaxation
processes were studied.

2. Materials and methods

Aliphatic series of isomers of butanols: n-butanol, iso-butanol,
sec-butanol, as well as their phenyl counterparts: 4-phenyl-1-
butanol, 2-methyl-3-phenyl-1-propanol, and 4-phenyl-2-butanol,
of the purity higher than 98% were supplied from Sigma Aldrich.
The chemical structure of the studied alcohols is shown in
Scheme 1.

2.1. Broadband dielectric spectroscopy (BDS)

The dielectric properties of the studied butanols were investi-
gated at ambient pressure using BDS in a temperature range
extending 100 K. The dielectric measurements were performed
within the frequency range from 102 to 10° Hz with a Novocon-
trol spectrometer, equipped with Alpha Impedance Analyzer with
an active sample cell and Quatro Cryosystem for temperature sta-
bilization better than + 0.2 K. The capacitor was built from two
stainless steel electrodes, 15 mm in diameter, distanced with two
100 pm thick glass fibers and sealed within a Teflon ring.

2.2. X-ray diffraction (XRD)

X-ray diffraction measurements for the studied alcohols were
performed on a Rigaku-Denki D/MAX RAPID II-R diffractometer
equipped with a rotating Ag anode, an incident beam (002) gra-
phite monochromator, and an image plate in the Debye-Scherrer
geometry. The samples were measured at room temperature
(RT = 293 K) and around the glass transition temperature
(Tg = 5 K). The temperature was controlled using an Oxford Cryo-
stream Plus and Compact Cooler. Samples were measured in glass
capillaries with a diameter of 1.5 mm. The collected two-
dimensional diffraction patterns were converted into one-
dimensional intensity data versus the scattering vector,
Q = 4mn(sin0)/A, where 20 is the scattering angle and the wave-
length of the incident beam, /, is equal to 0.56 A. The low-Q XRD
data up to ~1.7 A" were fitted with pseudo-Voigt functions using
the Fityk software to determine the diffraction peak’s position and
full width at half maximum, FWHM.

2.3. Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy measurements of the studied alcohols were
carried out on a Thermo Scientific Nicolet iS50 spectrometer.
High-temperature (HT; from RT to 368-388 K) FTIR spectra were
measured using GladiATR accessory (Pike Technologies) coupled
with a FTIR spectrometer in the range 400-4000 cm™! (16 scans;
spectral resolution 2 cm™!). The absorption signals were recorded
every 2 K(nBOH) or 5 K (iBOH and sBOH) from RT to 388 K (nBOH),
378 K (iBOH), and 368 K (sBOH). Low-temperature (LT; from RT to
the glass transition temperature, T,) spectra were obtained apply-
ing a Linkam THMS 600 temperature controller (Linkam Scientific
Instruments Ltd, Surrey, UK) over a wavenumber range 800-
4000 cm™! (16 scans; spectral resolution 4 cm™'). The cooling rate
was 10 K/min, and the temperature stabilization accuracy was
0.1 K. The preparation of liquid samples for the LT-FTIR measure-
ments was presented in our previous work [22]. A solution-state
FTIR spectroscopy experiment was performed to estimate the
dimension of H-bonded aggregates in the alcohols. A wide range
of concentrations of alcohol solutions in carbon tetrachloride
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Scheme 1. The chemical structure of the alkyl and phenyl substituted butanol isomers.

(CCly), i.e., 0.0005-0.1 M, was prepared using a serial dilution
method. FTIR spectra of pure solvent and alcohol solutions were
measured in the frequency range 400-4000 cm™! using a transmis-
sion solution cell with KBr windows and a path length of 1.03 mm.
16 scans with a spectral resolution of 4 cm~! were averaged for
each sample. The final FTIR spectra of alcohol solutions were
obtained by subtracting the spectrum of the pure solvent from
the measured absorption spectrum and applying baseline correc-
tion. The OH stretching band deconvolution was performed using
the MagicPlot software (version 2.9.3, MagicPlot Systems LLC, Saint
Petersburg, Russia). Firstly, the decomposition of the voy band
occurring between 3700 and 3050 cm~! involved the curve fitting
of the voy band with the use of several Gaussian functions, adjust-
ing their intensity, position, and width. Secondly, the free OH band,
appearing between 3650 and 3550 cm~!, was obtained by sub-
tracting the deconvoluted H-bonded OH band from the original
voy band. Then, the peak fitting of the free OH band was performed.
All spectral parameters were left ‘free’ during the fitting procedure.

3. Results and discussion

1 The static structural features of alkyl butanols and their phenyl
counterparts

It is known for a half-century that diffraction data are sensitive
to the local structure and the medium-range order in alcohols. The
static scattering pattern reveals a pre-peak (PP) at Q ~ 0.5 A~! for
various alcohols, which has recently been clearly confirmed as aris-
ing due to the assembly of molecules in aggregates via H-bonds
[18]. The pre-peak in the total structure factor becomes the main
peak in the partial structure factor for hydroxyl groups. It simply
means that there are structural correlations between the neigh-
bouring skeletons of OH groups entailing the formation of the
medium-range order. The pre-peak feature has been experimen-
tally observed in XRD and ND data [22,23,24] as well as predicted
by computer simulations [19,25,26,27,28] for many alcohols,
including butanols. The modeling of the structure of fluid nBOH,
iBOH and sBOH revealed that they are characterized by associates
with the mainly chain-like architecture of H-bonds [29,30].

Our XRD data for all studied ABs, nBOH, iBOH, and sBOH, exhibit
the characteristic pre-peak feature at Q ~ 0.56, 0.64, and 0.7 A~!
RT, respectively (see Fig. 1), being the evidence of the supramolec-
ular association and structuring of the molecules on the medium-
range scale. The main diffraction peak (MP), reflecting the nearest-
neighbour, short-range intermolecular correlations, appears at Q ~
1.44, 1.37, and 1.3 A~" at RT for nBOH, sBOH, and iBOH, respec-
tively. According to previous XRD and modeling studies, the first
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Fig. 1. XRD patterns of the studied alcohols in the low scattering vector range,
measured at RT and around T,. Data of alkyl butanols were normalized to the
intensity at the high scattering vector range (> 6 A). Their phenyl counterparts were
normalized to the main-peak intensity of the corresponding alkyl butanol pattern at
RT.

coordination shell for 0-O distance of nBOH has the coordination
number around 2 [31]. That means the supramolecular clusters
in nBOH are rather small, composed of a few molecules at RT. Since
up to now there is no consensus regarding the detailed size and
number of assembled molecules in the clusters from the diffraction
data for these alcohols, here we decided to determine only their
basic structural parameters assuming the quasi-crystalline model
of the structure. Namely, these are: the average nearest-
neighbour intermolecular distance, dyp, calculated from the posi-
tion of the MP using the Bragg equation d = 27/Q; the average
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separation distance between neighbouring associates (OH-
skeletons), dpp, calculated from the position of the pre-peak; the
coherence lengths related with the short-range and medium-
range order, Lyp, and Lpp, respectively, calculated from the peak
FWHMs using the formula L = 27t/FWHM. From the comparison
of the static structural parameters set together in Fig. 2, one can
see the following differences between the studied ABs at RT: (i)
the dyp distance increases in the following order: nBOH, then
sBOH, and the most branched iBOH; (ii) in turn, the dpp is the great-
est for nBOH, and the shortest for sSBOH. It is worth mentioning
that the determined distances are related to the geometry of the
molecules, their packing abilities, and the location of the OH group,
e.g., molecules of nBOH are longitudinal, unbranched, with termi-
nal OH group, which directly implies small distances between
them in the direction of the short molecular axis and large dis-
tances between neighbouring OH skeletons assuming the chain-
like model.

Considering the characteristic lengths of the short and medium-
range order, one can notice that: (i) nBOH is the least ordered,
sBOH is more ordered, and iBOH is the most ordered on the
short-range scale based on the Lyp value (~17 % 0.5 A); (ii) the range
of the medium-range correlations Lpp changes inversely propor-
tional to dpp, which means the greatest intermolecular correlations
arise in secondary alcohol sBOH (~21 + 0.5 A), shorter in iBOH, and
the shortest (~17 £ 0.5 A) in nBOH (see the panel d of Fig. 2). The
last dependency also correlates with the pre-peak intensity - it
has the higher amplitude for sSBOH and the lowest for nBOH.

Interestingly, the XRD data for 4PH1BOH, 2M3P1POH, and
4PH2BOH, containing phenyl group, do not display the clear pres-
ence of the specific pre-peak (see Fig. 1). They look typical for ‘or-
dinary’, non-associating liquids with only one pronounced peak at
Q ~ 1.35 A~'. However, after a closer look at the XRD patterns for
2M3P1POH and 4PH2BOH a residual bump may be identified at the
pre-peak position for their alkyl counterparts, which may be the
fingerprint of a weak self-organization of molecules. Despite the
fact that the pre-peak is a highly complex feature appearing due
to different partial atom-atom contributions to the total diffraction
intensity [29], the absence of the pre-peak usually means that
there is no structural order between the supramolecular clusters.
Thus, the attaching the phenyl ring to the molecules of the studied
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Fig. 2. The average intermolecular distances determined from the positions of the
main diffraction peak, dyp, and the pre-peak, dpp, as well as the coherence lengths
Lyp, and Lpp, calculated from the FWHMs of these peaks, respectively.
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alcohols suppresses the longer intermolecular correlations and dis-
turbs the medium-range structuring. Moreover, the short-range
order seems to be also affected by the presence of steric hindrance
in the form of the phenyl group. The determined Ly values are
smaller for aromatic alcohols than for their alkyl counterparts,
especially at temperatures around T, (e.g., Lyp = 12 + 0.5 A for
2M3Ph1POH versus ~23 + 0.5 A for iBOH, see the comparison in
panel c of Fig. 2). These results fully agree with previous conclu-
sions for phenyl alcohols showing that attaching the phenyl ring
to a molecule disturbs the nanoscale organization through H-
bonding and hinders the formation of the supramolecular associ-
ates [32].

The highest value of Ly (~14 + 0.5 A) among PhBs around T,
was obtained for secondary 4Ph2BOH. It is worth stressing that
the static structural features estimated for 4Ph1BOH and 4Ph2BOH
based on the analysis of the standard diffraction patterns are con-
sistent with the results of the analysis of the structure factors and
the pair distribution functions performed in our previous paper
[33]. It was concluded that 4Ph1BOH displays a more disordered
"liquid-like’ structure compared to 4Ph2BOH, and suggested a more
prevalent heterogeneity of H-bonding pattern in the former alco-
hol. Therefore, further FTIR studies are required to describe in
detail the nature of H-bonds in the studied alcohols.

As for the temperature changes, the right panels in Fig. 1 show
the diffractograms upon temperature drop to around T,. The posi-
tions of MP and PP shift towards greater values as the temperature
drops. This is related to the decrease of the intermolecular dis-
tances in these systems and is the standard temperature effect.
The Lyp also behaves in a standard manner for each alcohol - it
increases with a decrease in temperature. In turn, the Lpp decreases
with temperature drop for nBOH and iBOH, suggesting a decrease
in the degree of the medium-range organization of molecules.
What is more, it is clear that the intensity of the pre-peak
decreases with decreasing temperature. This observation agrees
with previous reports and has been interpreted as a change of
the mean number of clusters or/and the nature of the dominant
form of clusters [28]. However, this issue is still waiting for a
detailed computational explanation.

Summarizing this part, all studied ABs show diffraction patterns
with the pre-peak feature, typical for associating liquids where
molecules form mesophases and organize on the medium-range
scale. The primary butanol - nBOH is characterized by the lower
degree of intermolecular order on both the short- and medium-
range scale. The branching of molecule in iBOH causes the increase
in the range of both short- and medium-range correlations, while
the change of the OH group location in secondary sBOH results
in the higher degree of the medium-range order. Adding the phenyl
group to the molecular structure suppresses both the short- and
medium-range order between molecules in PhBs, while secondary
4Ph2BOH is characterized by the greatest coherence length at LT
and RT among the PhBs.

2 The influence of the phenyl ring on the hydrogen-bonding
pattern

To probe H-bonds among the studied alcohols, FTIR spectra
were firstly measured in the LT range. The representative FTIR
spectra of alcohols recorded at RT and T, in the region of OH moi-
ety’s stretching vibrations (voy; 3000-3750 cm™') are shown in
Fig. 3. The temperature evolution of LT-FTIR spectra in the voy
and vq, frequency ranges is presented in Figure S1 (see the SI file).
At first sight, the OH stretching band of the alcohols consists of two
well-separated components, assigned to the stretching vibration of
the ‘free’ (non-H-bonded; V%) and associated (H-bonded; v&so)
hydroxyl groups, respectively. The intensities of these two bands
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Fig. 3. FTIR spectra of butyl alcohol isomers in the spectral region between 3750 and 3000 cm™~' measured at RT (panels a), ¢), e)), and T, (panels b), d), f)). The spectra were
normalized with respect to the absorbance maximum of the OH stretching vibration peak.

vary with temperature. In ABs, only a broad v&* band appears at
RT, indicating that nearly all OH groups are H-bonded (Fig. 3). In
contrast, aside from the dominant v§3*® peak, a weak spectral fea-
ture at ~3560 cm~' associated with the free OH vibrations is
detected in PhBs. The disappearance of the vgfj signal with
decreasing temperature is due to the undergoing association pro-
cess of OH groups of aromatic alcohols. As seen from Table S1
(the SI file), the v&5>c band frequency of butanol isomers essentially
increases for secondary alcohols (sBOH, 4Ph2BOH) compared to
primary ones (nBOH, iBOH, 4Ph1BOH, 2M3Ph1POH) at RT. There-

fore, the primary butanol derivatives, in which the OH group is
attached to a carbon atom with at least two hydrogen atoms, are
involved in the stronger H-bond interactions compared to the sec-
ondary ones. The presence of phenyl moiety in butyl alcohols has
no impact on the strength of the H-bonds at RT since the position
of the v&s¢ differs only by 1-3 cm ™' (within the resolution of spec-
trometer) with respect to their aliphatic counterparts. As tempera-
ture decreases, the V&P peak position shifts to lower
wavenumbers in each studied system. This well-known effect is
an indicator of the OH-bond strength weakening due to the forma-
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tion of stronger H-bond interactions. At T, the similar correlations
regarding the v&5°° peak position and the OH group’s location in the
butanol molecules are observed, i.e., the H-bond strength in buta-
nol isomers is the lowest for secondary alcohols. Comparing the
v&se¢ peak positions for aliphatic and aromatic compounds, again
the relatively weak influence of the steric hindrance (the benzene
ring) on the H-bond strength is noticed for primary butanols. The
more considerable steric effect is observed for secondary alcohols,
i.e., the difference of the v&* band frequency reaching 14 cm~! is
detected for sBOH versus 4Ph2BOH at T,. That simply means that
from the macroscopic point of view, the association process in
butanol alcohols depends mainly on the location of the OH func-
tional group in relation to the carbon skeleton and less on the steric
effect introduced by the phenyl moiety.

To gain more information about the H-bonding pattern in the
studied alcohols, further analysis of the OH stretching vibration
bandwidth (the full-width at half-maximum, FWHM) was per-
formed. It turned out that the change of the position of the OH
group in butanol skeletons (primary versus secondary ones) influ-
ences the OH bandwidth, i.e., the FWHM value decreases in the fol-
lowing manner: nBOH > iBOH > sBOH and
4Ph1BOH > 2M3Ph1POH > 4Ph2BOH, at RT and T, (see Table S1).
This means that the FWHM of the v band for primary butanols
is larger than for their secondary isomers. The results shown in
Table S1 also indicate that in each pair of alkyl - aromatic butanol
isomers, the phenyl derivative exhibits a higher FWHM
(4Ph1BOH > nBOH, 2M3Ph1POH > iBOH, 4Ph2BOH > sBOH), which
means a more inhomogeneous distribution of its H-bonding net-
work. When the temperature drops, the FWHM is steadily reduced
for all alcohols. This is due to the growth in the homogeneity of H-
bonding interactions because of the decreasing mobility of alcohol
molecules and the possible extension of the aggregates. This effect
is accompanied by the increase of the integral intensity of the v&5>
bands on cooling due to the increasing population of H-bonded
molecules. In contrast to PhBs, the OH stretching lines of ABs have
a slightly antisymmetric contour, suggesting that at least two dis-
tinguishable components in the energy distribution of H-bonded
molecules occur. Further HT-FTIR measurements for butyl alcohols
were performed to quantify the activation barrier for dissociation
using van't Hoff equation:

~AHp | AS

InK = 2 + % (1)

where AHp and AS are activation enthalpy and entropy of dissocia-
tion process, respectively.

Figure S2 shows the representative HT-FTIR spectra of butyl
alcohols in the region of the voy and vqy bands. As can be seen,
heating of the alcohol samples causes the growth of intensity of
the v signal due to breaking of the O-H.--O bonds (the dissocia-
tion process) and the blue-shift (shift to higher wavenumbers) of
the v&c band (~3600-3050 cm™"), which indicates the weakening
of H-bonding interactions (Figure S2). This effect is accompanied
by a decrease in intensity and a broadening of the v&5° band. To
calculate the population of non-associated and associated mole-
cules, the integrated intensities of free (Ag.) and H-bonded
(Aassoc) OH bands were estimated. Based on the Agee [Aussoc Iatio,
the equilibrium dissociation constant, Kp, was evaluated. Further,
the Kp values were plotted versus reciprocal temperature and fit-
ted to the van’'t Hoff equation to calculate AHp of the dissociation
process (O — H),sn(0 — H). From Fig. 4 it follows that AH), varies
from 9.50 k] mol~! for 4Ph1BOH to 23.21 k] mol~! for sBOH. Sur-
prisingly, the highest AHp, values were obtained for secondary alco-
hols in both series ABs and PhBs. Thus, more energy is needed to
break the H-bonds in these alcohols compared to their primary iso-
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Fig. 4. Van't Hoff plots for the FTIR absorption bands corresponding to the OH
bands of ABs and PhBs, used to estimate the dissociation enthalpy between the free
and H-bonded OH species.

mers, probably due to the larger homogeneity of their H-bonding
interactions.

Finally, FTIR measurements on the solutions of the studied alco-
hols in CCl4 were carried out to quantify the average number of H-
bonded molecules and the size of the aggregates at RT (see the
experimental section in the SI file for details). According to Fig-
ure S3, the average number of H-bonded molecules in the
supramolecular assemblies, n, is between 2 and 3, i.e,
Nppoy = 2.4, NiBoH sBOH = 2.3 and Namspripon = 3.0. The n value for
4Ph1BOH and 4Ph2BOH, determined in our previous paper [33],
was equal to 2.9 and 2.8, respectively. The obtained results suggest
that, on average, dimers and trimers are the dominant forms of
supramolecular associates in butyl alcohol solutions at RT. This
rough estimation agrees very well with the data discussed earlier,
suggesting that at RT, there are mainly small clusters consisted of
2-3 molecules in the studied systems.

In summary, through LT- and HT-FTIR spectroscopic studies, we
found that the spatial arrangement of the OH group in the carbon
skeleton of butanol isomers plays an important role in their asso-
ciation process. Analysis of the spectral parameters of the v&sec
band reveals that the primary alcohols are characterized by stron-
ger H-bonding interactions and show a larger inhomogeneity of
the H-bonding network than their secondary derivatives. On the
other hand, the steric effect of a benzene ring on the molecular
interactions involving H-bonds in butyl alcohol isomers is rather
weak, i.e., alkyl alcohols show a slightly greater strength of H-
bond interactions, and their H-bond network is more homoge-
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neous (lower FWHM values of the v&° band) compared to the phe-
nyl derivatives. As a result, ABs have higher dissociation constants
and form slightly smaller supramolecular clusters in the CCl, solu-
tion than PhBs. On the other hand, the broadening of the v§* band
of aromatic alcohols may be probably due to the existence of the
structural heterogeneities formed by molecules associated addi-
tionally via OH---mt and/or CH---mt interactions [34,35].

3 The dielectric response of the self-assembled butanols and their
phenyl derivatives

As a final point of our investigations, dielectric measurements
were carried out on the studied alcohols. In the loss spectra of each
AB, one can easily identify a dominating process, called ‘Debye
relaxation’, which is characterized by a unique characteristic expo-
nential shape (see Fig. 5). In literature, the Debye mode is consid-
ered as originating from the mobility of/within the H-bonded
supramolecular structures. Interestingly, the intensity of this mode
is very similar for all three aliphatic alcohols. It is worth mention-
ing that in these compounds also the structural ‘o’ process can be
detected. It is reflected as a change of the slope of the high-
frequency side of the dominant Debye peak - so-called ‘excess
wing’. In addition, the secondary relaxation processes become
detectable in the close vicinity and below the T, for ABs. Interest-
ingly, for PhBs the picture is markedly different. As can be seen
from the loss spectra in Fig. 5, for 4Ph1BOH, 2M3Ph1POH, and
4Ph2BOH, only a single, slightly stretched relaxation mode is
observed together with a poorly visible secondary process at
higher frequencies. Taking into account the results presented in
references [32 and 33], one can assume that, in fact, the Debye pro-
cess gives the main contribution to the dominant relaxation mode
observed in the loss spectra of these alcohols. The structural relax-
ation mode in these alcohols is too close to the Debye process to be
experimentally detected in the loss spectra. Therefore, for the pur-
pose of this paper, we will label the observed main relaxation peak
as the ‘Debye-like’ process.

To get an insight into dynamics of the studied alcohols and
determine the temperature evolution of the structural, Debye
and Debye-like relaxation times above the T, the collected loss
spectra were fitted to a combination of either one (for PhBs) or
two Havriliak-Negami (HN) functions (for ABs) with an additional
conductivity term [37]:

Ae

“(9) i+ (i)™ "

where: & is the vacuum permittivity, a4 is the direct current con-
ductivity, &, is the permittivity at high frequency, A¢ is the dielec-
tric relaxation strength, tyy is the HN relaxation time, which can be
used to determine the relaxation time of the main process, Tpmax, %1y
and vy, are the shape parameters representing symmetric and

!
=% te +
& W

(2)
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asymmetric broadening of the loss spectrum (0 < oun, Yy < 1),

and o is the angular frequency.

Inverse temperature dependence of 7, for each relaxation pro-
cess in studied herein compound is presented in Fig. 6. At first
sight, it can be noted that 7(T) of the Debye-like process in PhBs
is much steeper with respect to the temperature evolution of the
relaxation times of the Debye mode in ABs. Moreover 1, (T) depen-
dences also differ from each other indicating variation in the T,
along with the chemical structure of the butanol isomers. To quan-
tify this effect, we calculated the glass transition temperatures
from the presented data. Note that Ty was defined as a temperature
at which the relaxation time determined for the o process, 7,, (for
ABs) and the main Debye-like process, Tmain, (for PhBs) is equal to
100 s. The values of T are presented in Table 1. It should also be
stressed that since the determination of the T, from dielectric data
is prone to over or underestimation due to large uncertainty in the
determination of the structural relaxation times, further differen-
tial scanning calorimetry (DSC) measurements were carried out
to verify the accuracy of our analysis. The representative thermo-
grams are presented in Figure S4 in the SI file. We compared also
DSC results taken from the literature [36] (see Table 1). It was
found that there is quite a good agreement (within a few K)
between the T,s estimated from both experimental techniques.
Finally, one can state that that calorimetric T,s of aromatic alcohols
are much higher (T, 179, 198 and 203 K for 4Ph1BOH,
2M3Ph1POH and 4Ph2BOH, respectively) with respect to the ali-
phatic compounds (T, = 111.6, 113 and 120 K for nBOH, iBOH
and sBOH, respectively). What is more, it becomes clear that Tg
of secondary alcohols is slightly higher than that of their primary
counterparts. The variation in the vitrification temperatures for
phenyl derivatives of butanols must be related to the higher molec-
ular weight of these compounds and the presence of aromatic moi-
ety allowing the formation of additional, weak H bonds.

In the next step of analysis of dielectric data, we applied a
model developed by Frohlich [38] to evaluate the change in the
molar entropy, AS, induced by an external electric field, E, in the
studied systems. According to this approach, this parameter can
be determined following the temperature evolution of the static
permittivity using the equation given below:

A;(ZT) _S(T, E)E; So(T) _ %0 % M 3

It was already shown by Jadzyn and Swiergiel [39] that in the
case of butanols, the ordering of polar molecules by an electric field
leads to the decrease in the entropy of liquid (AS < 0), being a con-
sequence of negative slope of d¢'/dT function. This kind of analysis
revealed that nBOH and sBOH form chain-like structures [39]. The
results presented in Figure S5 indicate that a similar conclusion
can also be derived for iBOH. Nevertheless, the most interesting
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Fig. 5. Comparison of the dielectric loss spectra &”(f) measured at similar relaxation times for a) nBOH and 4Ph1BOH, b) iBOH and 2M3Ph1POH, and c) sBOH and 4Ph2BOH.
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Fig. 6. Relaxation time versus inverse temperature for a) the Debye and Debye-like
processes and b) structural process in the aliphatic butanols and their phenyl
derivatives.

seems to be a comparison of the outcome of the analysis performed
for ABs and their phenyl counterparts. It seems clear from Figure S5
that the temperature evolution of d¢' /dT exhibits a negative slope
for PhBs, indicating entropy decrease under the influence of elec-
tric field in these alcohols. What is more, except for sBOH and
4Ph2BOH, the ASV,,E~2 versus T dependences obtained for other
alcohols collapse on one curve (compare Fig. 7 a,b,c). This finding
indicates that there are chain-like structures formed in more ster-
ically hindered alcohols as well.

As a final step of our investigations, we evaluated the tempera-
ture evolution of the Kirkwood factor, g, for alkyl and phenyl buta-
nols (see Fig. 7 d). This parameter was calculated from the
following equation:

. 9](380MT(85 - gx)(zgs + 800)
PNap2es(es + 2)2

(4)

k

where: kg is the Boltzmann’s constant, &, is the permittivity of vac-
uum, M is molar mass, p is density, N4 is Avogadro’s number, u is
molecular dipole moment determined from density functional the-
ory computations. The static permittivity, &, was taken directly
from the dielectric data. The methods used to estimate permittivity
at infinite frequencies, €., as well p, have been previously described
in reference [22]. The data for aliphatic butanols were taken from
[40].

As shown in Fig. 7 d, all studied alcohols exhibit g, to be notice-
ably greater than the unity in the vicinity of RT. What is more, g,
systematically grows upon cooling for each alcohol. However, dif-
ferent trends in the changes of g, with temperature are observed.
For ABs, g, increases sharply at higher temperatures and saturates
at around 270 K, much above the T,, while for aromatic alcohols,
except for 4Ph1BOH, it continuously grows in the studied temper-
ature range. The data presented in Fig. 7 d also reveal that, beside
one unexpected case for 4Ph2BOH, slightly higher or comparable
values of g, were obtained for ABs. This parameter is also larger
in secondary alcohols, irrespective of the steric hindrance.
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factor for the studied butanols.

Both quite unexpected results of the performed analysis of
dielectric data demand further thorough discussion. First, it is quite
interesting and unexpected that the g, is much higher in secondary
alcohols with respect to the primary ones. As shown in the litera-
ture, due to a higher steric hindrance in such systems, generally,
chain-ring equilibrium is shifted towards the formation of the cyc-
lic structures that contributes to a significant depression of this
parameter. To support this hypothesis, one can recall data reported
for 4-methyl-3-heptanol, which revealed a small Debye process in
loss spectra and g, below 1 [41,42]. What is more, one can also
refer to a temperature evolution of Kirkwood parameter in tertiary
alcohol tert-butanol (see Fig. 7 d) that was much lower than the
unity at high temperature. Nevertheless, as temperature decreased,
it became much higher than 1. These two examples suggest that
the position of the hydroxyl moiety in the carbon backbone has a
strong influence on the architecture of the nanoassociates. It seems
that ring-like structures are more preferred in the secondary and
tertiary alcohols while chain-like clusters - in the primary ones.
However, it is not a rule since in 5-methyl-3-heptanol it was
shown that there is a Debye process of slightly lower amplitude
with respect to 2-ethyl-1-hexanol. Moreover, this glass former
has a rather high g;. Hence, this system, along with the ones stud-
ied herein (sBOH and 4Ph2BOH), clearly indicated that secondary
alcohols might predominantly form chain-like associates. To
explain the much higher Kirkwood factor for the secondary alipha-
tic and phenyl derivatives of butanols with respect to the other

Table 1

The values of T, determined from dielectric data and differential scanning calorimetry (DSC) measurements.
Sample Tysc) (K) Tgsc) (K) [36] Ty (Debyeiike) (K) Ty (K)
nBOH 111.6 111 - 1114
iBOH 113 113 - 113.5
sBOH 120 118 - 120.5
4Ph1BOH 179 - 178 178
2M3Ph1POH 198 - 193 193
4Ph2BOH 203 - 197.4 197.5
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studied herein samples, one should consider XRD and FTIR data
showing the enhanced degree of the intermolecular order and
more homogeneous distribution of the H-bonds in these systems.
Both factors contribute to better ordering and lower spatial diver-
sity of nanoassociates.

An explanation of the non-intuitive and peculiar variation in g
in phenyl alcohols with respect to their aliphatic derivatives is a
much more difficult issue. Considering structural studies (includ-
ing ours) and literature reports on the self-assembly processes in
similar systems, it is rather expected that due to lower steric hin-
drance, aliphatic compounds may form larger chain-like associates
and thus are characterized by much higher static permittivity and
g, Interestingly, comparable or larger g,s have been determined
for the phenyl butanols with respect to their aliphatic counter-
parts, even though in the diffractograms of PhBs there was no pro-
nounced pre-peak being a direct evidence of the formation of the
H-bonded assemblies and the nanoscale order. Thus, the diffraction
data suggested that the degree of association and ordering is much
lower in PhBs. Further FTIR and dielectric studies indicated that
this XRD-based picture does not reflect the complex nature of more
sterically hindered alcohols. Moreover, the BDS investigations
clearly demonstrated that in aliphatic and phenyl derivatives of
alcohols, there are self-assemblies of a more probable chain-like
architecture. Nevertheless, understanding the extremely high g,
in 4Ph2BOH at the moment is a hard task and has a more specula-
tive character. One can suppose that most likely chain-ring equilib-
rium of H-bonding clusters is more shifted towards the former
architecture in this alcohol. What is more, most probably there
are also additional OH.--w interactions that contribute to larger
energy of dissociation in secondary alcohols with respect to the
primary ones. These forces may stabilize some specific chain-like
molecular architecture that generates high g, in this alcohol. To
verify this hypothesis, one can refer to our previous high-
pressure investigations revealing that activation volume for the
Debye-like process in secondary alcohols is the highest of all stud-
ied alcohols [32]. That may suggest that the size of associates is
much larger for 4Ph2BOH with respect to the other phenyl deriva-
tives of butanols. Finally, it should be noted that analysis of the
temperature evolution of the Kirkwood factor in the studied sys-
tem yields explanation of the similar ASV,E~> dependency versus
T in nBOH — 4Ph1BOH, iBOH — 2M3Ph1POH, and the deviation
reported for sBOH — 4Ph2BOH. It seems that the main source of
this experimental finding is related to the variation of the static
permittivity during cooling.

The results described above are also quite interesting in view of
the recent studies on the self-assembly in ionic liquids (ILs). Briefly,
similarly to monohydroxy alcohols (MAs), a spatial organization in
ILs is also governed by the amphiphilicity that dominates over
Coulombic forces [43]. It was found that with the increasing length
of the side alkyl chains attached to the aromatic imidazolium ring,
the short-range solvophobic interactions become more important
[44,45,46,47]. Interestingly for the aliphatic moiety having more
than four carbon atoms, the nanoassocation and nanoordering
are triggered. The situation changes as polar H-bonding units such
as hydroxyl, thiol, amine, halogen, interfering with amphiphilicity,
are introduced to the chemical structure of IL [43]. When the num-
ber of polar moieties is low, the competition between both specific
interactions induces a disorder in the clustered nanostructure. In
the case of a larger number of polar groups, the tricontinuous
structure is formed. Hence in some way, these experimental obser-
vations are in agreement with the data discussed for MAs. In the
studied herein phenyl derivatives of alcohols, the location of both
butyl moiety attached to the aromatic unit and OH moiety have
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a strong influence on the loss of the medium-range order, as evi-
denced by the collected diffractograms. Simultaneously the clus-
tering process is not affected in a significant way, as it was
deduced from the analysis of the Kirkwood factor that reflects
the long-distance correlation between dipoles. However, aside
from this effect, the location of the OH functional group in the alkyl
chain is also an important factor controlling the nanoordering in
self-assemblies and eventual loss of the medium-range order, as
evidenced by the collected diffractograms. Importantly, simultane-
ously the clustering process is not affected in a significant way, as
it was deduced from the analysis of the Kirkwood factor that
reflects the long-distance correlation between dipoles.

4. Conclusions

To summarize, we have investigated the local structure and the
molecular network organization in selected aliphatic and aromatic
isomers of butanols using XRD, FTIR, and BDS techniques. The main
purpose of these studies was to gain a deeper insight into the influ-
ence of the steric hindrance introduced by the phenyl moiety and
the location of the hydroxyl group on the association process of
these alcohols. In the context of the H-bond interaction, the phenyl
alcohols received less attention in the literature than aliphatic
alcohols, mostly because of the common belief that the steric effect
entirely inhibits the formation of the supramolecular associates - a
phenomenon commonly observed and thoroughly studied in ali-
phatic systems. In fact, XRD investigations have shown no clear
pre-peak feature in the low scattering vector region of diffrac-
tograms for PhBs, suggesting their local structure to be disordered
like in ordinary liquids. On the other hand, in ABs there was a
strong pre-peak in the diffraction patterns, indicating the forma-
tion of the H-bonded associates and medium-range order. Such a
picture of the nanoscale organization through H-bonding in both
groups of alcohols could be misleading as FTIR and dielectric data
showed that the phenyl moiety has only a very small impact on the
strength of H-bonds and the association process. Importantly, it
was found that Kirkwood factors are much higher than the unity
for both ABs and PhBs and not so much different from each other.
This finding, together with the data analysis according to the
Jadzyn and Swiergiel approach [39], clearly indicated that associ-
ates with rather the chain-like organization of H-bonds are formed
in the studied systems, irrespective of the presence of phenyl
moiety.

Our studies also revealed that the location of the hydroxyl unit
(either it is attached to the primary and secondary carbon) has a
more prominent effect on the H-bonding pattern than the steric
hindrance posed by the aromatic group. We found the series of sys-
tematic deviations between primary and secondary alcohols,
which includes much higher glass transition temperature, Kirk-
wood factor, activation enthalpy of the dissociation process, as well
as smaller H-bond strength and more homogeneity of the H-
bonded network in the latter materials with respect to the former
ones. It signifies a direct correlation between the self-assembly
ability of the butanol isomers and their molecular geometry (the
hydroxyl group’s location within the carbon skeleton), which
highly influences the aggregation of these systems. Thus, a combi-
nation of outcomes from all experimental techniques allowed us to
understand better the relationships between the structural static
and dynamic properties of the studied alcohols.
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