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Abstract

In this paper, the steric hindrance effect related to the presence of either an aromatic or cyclic 

ring on the self-association process in the series of monohydroxy alcohols (MAs), from 

cyclohexanemethanol to 4-cyclohexyl-1-butanol and from benzyl alcohol to 4-phenyl-1-

butanol, was studied using X-Ray Diffraction (XRD), Differential Scanning Calorimetry 

(DSC), Fourier Transform Infrared (FTIR) spectroscopy, Broadband Dielectric Spectroscopy 

(BDS) and the Pendant Drop (PD) methods. Based on FTIR results, it was shown that phenyl 

alcohol (PhA) and cyclohexyl alcohol (CA) derivatives reveal substantial differences in the 

association degree, the activation energy of dissociation, and the homogeneous distribution of 

supramolecular nanoassociates suggesting that the phenyl ring exerts a stronger steric impact 

on the self-assembling of molecules than cyclohexyl one. Additionally, XRD data revealed 

that phenyl moiety introduces more heterogeneity in the organization of molecules compared 

to the cyclic one. The changes in the self-association process of alcohols were also reflected 

in differences in the molecular dynamics of the H-bonded aggregates, as well as in the 

Kirkwood factor, defining the long-range correlation between dipoles, which were slightly 

higher for CAs with respect to those determined for PhAs. Unexpectedly it was also found 

that the surface layers of PhAs were more organized than those formed by CAs. Thus, these 

findings provided insight into the impact of aromaticity on the self–assembly process, H-

bonding pattern, supramolecular structure, and intermolecular dynamics of the studied 

alcohols.

mailto:barbara.hachula@us.edu.pl


2

Keywords: self-association, steric hindrance, phenyl alcohols, cyclohexyl alcohols, 

aromaticity

Introduction
Aromaticity is one of the most important concept in chemistry, which allows the 

structural understanding of molecular stability and unusual reactivity of certain carbon-based 

molecules. This unique property is strongly connected with the presence of the delocalized  𝜋

electrons in the system. Importantly, interactions involving aromatic rings, such as aromatic 

 stacking, stabilize the supramolecular architecture, ensure the stability of 𝜋 ―  𝜋

molecules/biomolecules, participate in biorecognition processes, and are a topic of 

considerable interest in crystal/material engineering [1,2,3,4,5,6,7,8,9,10,11,12]. These non-

covalent forces play an especially important role in self-assembly at the supramolecular level 

as the aromatic rings can interact in different ways (stacked arrangement, edge- or point-to-

face, T-shaped conformation), generating various supramolecular architectures. Such 

nanostructures can also be affected by halogen substituents which form halogen bonding 

synthons competing with these molecular contacts. 

Aromatic rings, due to their rigidity and planar geometry, can distort the specific 

attractive interactions, including hydrogen bonds (HBs), and affect the self-assembling of 

amphiphilic compounds, such as alcohols. In the case of aryl alcohols, the bulky aromatic 

moiety can be a source of competitive ··· , C−H···  and/or O−H···  contacts. Many 𝜋 𝜋 𝜋 𝜋

experimental and theoretical investigations focused on the competition between these 

different interactions that can occur in complexes of substituted aromatic alcohols (phenol and 

ethynylbenzene [13], (phenol)2 [14] and (p-cresol)2 [15] homodimers; anisole···phenol [16], 

7-azaindole···phenol [17] or p-aminophenol···p-cresol heterodimers [18]), especially to

characterized the stabilization driving forces of -stacked and HB dimers [19,20,21]. On the𝜋

other hand, the papers devoted to the subject of intra- and/or intermolecular interactions in

neat aryl alcohols mainly focused on the study of steric hindrance effect and  electrons on𝜋

self-assembling phenomena in the liquid phase [22,23,24,25,26,27,28,29,30,31,32].  Firstly,

Johari et al. [23] showed that the steric hindrance from the phenyl group in 1-phenyl-1-

propanol reduces the extent of intermolecular H-bonding as the Debye-type relaxation process

vanishes in this system. Then, the other authors reported that the aromatic ring only affects the

supramolecular architecture of associating compounds, i.e., the equilibrium of the ring and

chain-like H-bonded structures depends on the mutual distance of the phenyl ring and the
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hydroxyl group [26]. Recent work from Nowok and al. [31] also demonstrated that the phenyl 

ring exerts a much stronger effect on the self-organization of alcohol molecules via the 

O−H···O scheme than any other type of steric hindrance, leading to a significant decline in 

the size and concentration of the H-bonded clusters. 

In view of the above, it is worth adding that our previous experimental studies of 

intermolecular interactions in phenyl alcohols also shed new light on the supramolecular self-

assembly, structural order, and HB patterns in aromatic systems [33,34]. We reported that 

HBs could be effectively formed in the series of phenyl alcohols differing in the alkyl chain 

length, irrespectively of the steric effect of the benzene ring [34]. What is more, their 

association was primarily governed by the chemical nature of apolar chains. In the case of 

phenyl derivatives of butyl alcohols, the major factor deciding about the association and 

nanoordering in self-assemblies was the location of the OH functional group in relation to the 

carbon skeleton, while the steric hindrance or length of the alkyl side chain does not have a 

significant influence on the H-bond formation [33]. Thus, our studies signified the modulation 

of H-bonded alcohol properties and the nanoscale aggregation through aromaticity and 

persuaded us to extend the study further to other H-bonded compounds having different 

structural and electronic properties, i.e., cyclic alcohols. This class of alcohols is expected to 

form H-bonds more easily than their aromatic derivatives due to the high flexibility of the 

cyclic ring allowing the molecule to acquire open configurations where the hydroxyl group is 

more exposed and hence more available for H-bonding [22]. In contrast, for phenols, the 

rigidity of the aromatic ring imposes a unique conformation characterized by the coplanarity 

of the hydroxyl group and the aromatic ring [22]. 

Inspired by these results, in this study, we evaluated the influence of the various 

degree of steric hindrance of the hydroxyl group, aromatic versus non-aromatic, on the self-

association ability of alcohols. Moreover, we also analyzed the impact of the length of the 

alkyl chain on the self-assembling process of non-aromatic cyclic alcohol homologous. To the 

best of our knowledge, this is the first systematic study on the supramolecular self-assembly 

of cyclic alcohols in the literature. As all of the lower-order cyclic alcohols form a plastic 

crystal, until now, they have been mainly investigated for studying glass transition 

phenomena [35,36,37,38,39]. To deeper examine the steric effects on the H-bond formation in 

alcohols, we have studied the structural, thermal, and spectroscopic properties of four phenyl 

alcohols (PhAs; from benzyl alcohol to 4-phenyl-1-butanol) and their cyclohexyl analogs 

(CAs; from cyclohexanemethanol to 4-cyclohexyl-1-butanol; Scheme 1) using Broadband 
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Dielectric Spectroscopy (BDS), Infrared (IR) Spectroscopy, Differential Scanning 

Calorimetry (DSC), and X-Ray Diffraction (XRD) techniques. Moreover, the properties of the 

surface layer were investigated using the pendant drop (PD) method.

Materials and Methods

Cyclic alcohols (cyclohexanemethanol (CM), 2-cyclohexyl-1- ethanol (2C1E), 3-cyclohexyl-

1- propanol (3C1P), 4-cyclohexyl-1-butanol (4C1B)) and their phenyl counterparts (benzyl 

alcohol (BA), 2-phenyl-1-ethanol (2Ph1E), 3-phenyl-1-propanol (3Ph1P), 4-phenyl-1-butanol 

(4Ph1B)) under investigation (purity > 98%) were purchased from Sigma-Aldrich. Before 

use, all alcohols were dried under a stream of liquid nitrogen. The chemical structures of the 

studied alcohols are presented in Scheme 1.

Scheme 1. The chemical structures of (left) aromatic (phenyl) and (right) cyclic (cyclohexyl) 

alcohols under investigation.

Broadband Dielectric Spectroscopy (BDS)

BDS measurements were carried out on heating after a fast quenching of the liquid 

state in a wide range of temperatures (159 – 303 K) and frequencies (10-1 – 106 Hz) using 

Novocontrol spectrometer, equipped with Alpha Impedance Analyzer with an active sample 

cell and Quatro Cryosystem. The samples were placed between two stainless-steel electrodes 

(diameter: 15 mm, gap: 0.1 mm) and mounted inside a cryostat. During the measurement, 

each sample was maintained under dry nitrogen gas flow. The temperature was controlled by 

Quatro Cryosystem using a nitrogen gas cryostat, with stability better than 0.1 K. 

The collected dielectric spectra were analyzed by the superposition of Havriliak-

Negami (HN) function with the dc-conductivity term [40] to determine the relaxation times of 

the Debye process, :𝜏𝐷
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, (1)𝜀 ∗ (𝜔) =
𝜎𝑑𝑐

𝜀0𝜔 +
∆𝜀

[1 + (𝑖𝜔𝜏𝐻𝑁)𝛼𝐻𝑁]𝛽𝐻𝑁

where  and  are the shape parameters representing the symmetric and asymmetric 𝛼𝐻𝑁 𝛽𝐻𝑁

broadening of given relaxation peaks,  is the dielectric relaxation strength,  is the HN Δ𝜀 𝜏𝐻𝑁

relaxation time,  is the vacuum permittivity, and  is an angular frequency . 𝜀0 𝜔 (𝜔 = 2𝜋𝑓)

Note that all  were estimated from  accordingly to the equation given in Ref. [41]. 𝜏𝐷 𝜏𝐻𝑁

Additionally, the stretching parameter , which is usually used to describe the  𝛽𝐾𝑊𝑊

Full Width at Half Maximum (FWHM) of the -loss peaks, has been determined from the 𝛼

 and  parameters from the following equation [42]:𝛼𝐻𝑁 𝛽𝐻𝑁

(2)𝛼𝐻𝑁𝛽𝐻𝑁 = 𝛽1.23
𝐾𝑊𝑊

It was found that  ~ 0.91-96 (see Table 1). Note that the fitting procedure was 𝛽𝐾𝑊𝑊

performed using only one HN function, as the application of additional mode was unreliable, 

and the fitting parameters of the second HN function changed non-monotonically with the 

temperature. Alternatively, the value of the stretched exponent,  was determined from 𝛽𝐾𝑊𝑊,

the fitting of chosen spectra to the one-sided Fourier transform of the Kohlrausch-Williams-

Watts (KWW) function [43,44].

To determine the glass transition temperatures of all studied CAs, the estimated τD 

were fitted by the Vogel-Fulcher-Tammann (VFT) equation [45,46,47]:

, (3)𝜏𝐷 = 𝜏∞𝑒𝑥𝑝( 𝐷𝑇𝑇0

𝑇 ― 𝑇0)
where ,  and  are the fitting parameters. Note that is defined as a temperature at 𝜏∞ 𝐷𝑇 𝑇0 𝑇𝑔 

which  = 100 s.𝜏𝐷

Refractive index measurements

The refractive index, , measurements of the studied liquids were carried out using the 𝑛

Mettler Toledo refractometer RM40 in the temperature range 293−343 K. The temperature 

stability controlled with the aid of a built-in Peltier thermostat was better than 0.1 K. The light 

source is a light-emitting diode, the beam of which passes through a polarization filter, an 

interference filter (589 nm), and various lenses before it reaches the sample via the sapphire 
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prism characterized by high thermal conductivity. The measurements of  were performed 𝑛

with a resolution of 0.0001. The determined values are presented in Figure S1 (please see the 

Supplementary Material (SM) file). Note that the values of  parameter used to calculate 𝑛

the Kirkwood correlation factor ( ) at  were estimated according to the linear 𝑔𝐾 𝑇 = 𝑇𝑔 +10 K

fit of the measured data.

Differential Scanning Calorimetry (DSC)

Calorimetric measurements were carried out by Mettler-Toledo DSC apparatus 

equipped with a liquid nitrogen cooling accessory and an HSS8 ceramic sensor (heat flux 

sensor with 120 thermocouples). Temperature and enthalpy calibrations were performed by 

using indium and zinc standards. The sample was prepared in an open aluminum crucible (40 

μL) outside the DSC apparatus. Samples were scanned at various temperatures at a constant 

heating rate of 10 K·min-1.  

X-ray Diffraction (XRD) Scattering

The wide-angle XRD patterns were collected using a Rigaku Denki D/MAX Rapid II-R 

diffractometer equipped with a rotating Ag anode, a graphite (002) monochromator, and an 

image plate detector in the Debye–Scherrer geometry. The wavelength of the incident beam, 𝜆

, was 0.5608 Å. The beamwidth at the sample was 0.3 mm. Each sample was measured at 

room temperature of around 293 K and around the glass transition temperature, in 

transmission geometry, in borosilicate glass capillaries having 1.5 mm in diameter and 0.01 

mm of wall thickness. The temperature was controlled using Oxford Cryostream 800 cooler. 

The total X-ray scattering data were collected in the range of the scattering vector  𝑄 =
4𝜋𝑠𝑖𝑛𝜃

𝜆

(where 2  is the scattering angle) of 0.25 – 20 Å-1 and corrected for background. Comparison 𝜃

of the X-ray scattering data for CAs and PhAs in the full-measured  range of 0.25 – 20 Å-1 is 𝑄

shown in the SM file in Figure S2.

Fourier Transform Infrared (FTIR) spectroscopy 

FTIR spectra were recorded using a Thermo Scientific Nicolet iS50 spectrometer with 

a resolution of 2 cm-1 (16 scans) in the spectral range of 400–4000 cm-1. The spectrometer 
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was equipped with a Linkam THMS 600 heating/cooling stage (Linkam Scientific 

Instruments Ltd., Surrey, UK) which allowed us to execute the temperature measurements in 

the range 373–93 K for CM, 368–133 K for 2C1E, 3C1P, and 4C1B applying the rate of 5 K 

min-1. The spectra were collected every 5 K in transmission mode. To obtain samples of 

uniform thickness and absorbance value, a liquid cell with two CaF2 windows separated by 

the 6 m thick Mylar spacer was used. Throughout the experiment, liquid nitrogen was passed 

through the spectrometer to avoid atmospheric H2O and CO2 bands in the spectrum. 

Moreover, FTIR spectra of alcohol solutions in carbon tetrachloride (CCl4) were also 

collected in the frequency range 400-4000 cm-1 using a transmission solution cell with KBr 

windows and a path length of 1.03 mm. The solutions were prepared by serial dilution of a 

0.1M solution down to 0.0001M. A total of 16 scans with a spectral resolution of 2 cm-1 were 

averaged for each sample. The MagicPlotPro software (version 2.9.3, MagicPlot Systems 

LLC, Saint Petersburg, Russia) was used to perform the deconvolution process of the OH 

stretching bands, enabling the determination of activation enthalpy for cyclic alcohol 

dissociation. The step-by-step process of the OH stretching band decomposition was 

described in our previous work [33] and in the SM file.

Surface tension measurements

The density of the investigated CAs was measured using Anton Paar DMA 5000M 

densimeter. Condition for these measurements has been previously described in the previous 

paper [34] (the standard uncertainties are  MPa and  0.01 K, and the 𝑢(𝑝) = 1·10 ―2 𝑢(𝑇) =

combined expanded uncertainty of the density is  g  cm−3 (at 0.95 confidence 𝑢(𝜌) = 5·10 ―4

level ( )). The temperature range for density measurements was  (283.15 – 323.15) 𝑘 ≈  2 𝑇 =

K, with a step of 10 K and at 298.15 K. Based on density temperature dependence, it was 

possible to calculate density at lower temperatures necessary for surface tension 

measurements and the calculation of Kirkwood factor, . The density of CAs and PhAs [34] 𝑔𝑘

was presented in Figure S3. This comparison shows that the density of CAs is significantly 

lower than that of PhAs.  

The surface tension was measured using the pendant drop method with the Drop 

Shape Analyzer DSA 100S - the Krüss Tensiometer (equipped with Advance Software). The 

instrumental description as well as all procedures have been described previously [34,48,49]. 

The general T range was (298.2 – 267.6) K with variable steps at a minimum of 4 

temperatures. The general uncertainty of the method was 0.2 mN m-1, but in our case, the 
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standard deviation of the mean value was for three first homologues below 0.6 mN m-1 and 

only for 4-cyclohexyl-1-butanol at 273.2 K was around 1 mN m-1. Based on the instrument 

standard uncertainty and the standard uncertainties in pressure,  MPa, 𝑢(𝑝) = 1·10 ―2

temperature and  0.1 K and density,  g cm−3, the average combined 𝑢(𝑇) = 𝑢(𝜌) = 5·10 ―4

expanded uncertainty  (at 0.95 level of confidence, ) was not worse than 1 mN m-1. 𝑢() 𝑘 =  2

The surface tension of CAs is presented in Figure 5(a), whereas a comparison of  with those 
of PhAs [34] and aliphatic alcohols (AAs) [50,51] at T = 298.2 K, is drawn in Figure 5(b). 

Moreover, in Figure 5(c) and 5(d), the surface entropy ( , 10-3 mN m-1 K-1) and 𝑆𝑎 = ― (∂𝛾
𝛿𝑇)

𝑝

the molar surface entropy ( , J K-1 mol-1, where  is the molar 𝑆𝑣 = ―8.45 ∙ 𝑉2/3
𝑚 ·( ―

∂𝛾
𝛿𝑇)

𝑝
𝑉𝑚

volume) are presented, respectively. These quantities are calculated based on the temperature 

dependence of surface tension. Figure 5 includes also  and  of PhAs34, AAs and alkanes 𝑆𝑎 𝑆𝜈

[50,51,52]. 

Density functional theory (DFT) computations

Density functional theory (DFT) calculations using the B3LYP functional, combined with the 

6-311+G(2d,p) basis set, were performed within the Gaussian09 software package [53]. The 

geometries of benzene and benzyl alcohol dimers were optimized with the Opt = Tight option. 

The counterpoise method was used to correct the interaction energies (ΔEBSSE) for the basis 

set superposition error (BSSE) [54].

Results and discussion
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Figure 1. (a) DSC thermograms collected for indicated CAs. (b, c) Dielectric loss spectra of 
(b) CM and (c) 4C1B were measured above their glass transition temperatures. The insets of 
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chain of examined CAs. *Data for PhAs were taken from Ref. [34]. 
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Table 1. Molar mass ( ) of examined CAs, glass transition temperature ( , determined from 𝑀 𝑇𝑔
calorimetric and dielectric measurements), as well as values of the stretched exponent (𝛽𝐾𝑊𝑊
), the Kirkwood factor ( , calculated at ), dipole moment (, obtained from 𝑔𝑘 𝑇 = 𝑇𝑔 +10 K
DFT calculations), and the refractive index ( , measured at 303 K).𝑛

Sample          𝑴
[g mol-1]

  𝑻𝒈,𝑫𝑺𝑪

[K]
 [K] for 𝑻𝒈

 = 100 s𝝉𝑫
𝜷𝑲𝑾𝑾

 at 𝒈𝒌 𝑻𝒈

+ 𝟏𝟎𝑲
 [D]𝝁

 𝒏
at 303 K

CM 108.14 162±2 157±2 0.96±0.1 3.8 1.523 1.460

2C1E 122.16 163±2 159±2 0.95±0.1 3.4 1.613 1.461

3C1P 136.19 166±2 160±2 0.94±0.1 3.4 1.537 1.462

4C1B 150.22 162±2 162±2 0.91±0.1 2.9 1.652 1.463

At first, we start our investigation with the calorimetric measurements in order to 

reveal all possible phase transitions in the studied materials. The recorded DSC curves are 

shown in Figure 1(a). As illustrated, all samples exhibit one pronounced jump in their heat 

capacity related to the glass transitions located at 162-166 K, defined as the glass transition 

temperature, . Interestingly, the estimated  are basically independent of the alkyl chain 𝑇𝑔 𝑇𝑔𝑠

length in the examined CAs, revealing no molecular mass, , dependence, see Figure 1(a) 𝑀

and Table 1. In this context, one can recall recent studies on the series of non-aromatic MAs, 

which revealed that their  increases with  [31,55]. However, it should be highlighted that 𝑇𝑔 𝑀

those reports considered various MAs isomers of more complex chemical structure, whereas 

herein, we focused only on cyclohexyl-substituted MAs characterized by linear structure and 

a different number of -CH2- groups (see Scheme 1), in contrast to the previous investigations 

[31]. Nevertheless, one can mention that the values of  determined for examined CAs are 𝑇𝑔𝑠

significantly lower when compared to the ones reported previously for their aromatic 

counterparts, phenyl-substituted MAs (PhAs). Note that  of PhAs change in range of 181-𝑇𝑔𝑠

184 K [26,27,34] (see Figure 6(a)). In this context, one can assume that the examined CAs 

are characterized by  comparable rather to the aliphatic alcohols than PhAs. This implies 𝑇𝑔𝑠

that the aromaticity of the side group has a significant impact on the glass transition of MAs. 

Taking all of those observations into account, we wonder if the varying length of the 

alkyl chain of CAs would affect the molecular dynamics of these compounds and how it 

would be different compared to their aromatic counterparts. Thus, we performed additional 

dielectric measurements. Representative dielectric loss spectra measured for two selected 
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CAs, cyclohexanemethanol (CM) and 4-cyclohexyl-1-butanol (4C1B), are shown in Figure 

1(b,c). As illustrated, one can distinguish two dielectric processes, dc conductivity (at lower 

frequencies) and Debye like, , process (at high frequencies), see Figure 1(b,c). Both of them 𝐷

shift toward lower frequencies with decreasing temperature. Note that the value of the 

stretched exponent,  reaches ~ 0.91-0.96 (all values are listed in Table 1; was 𝛽𝐾𝑊𝑊, 𝛽𝐾𝑊𝑊 

determined from the shape parameters of the Havriliak-Negami (HN) function with an 

additional conductivity term [40] used to fit recorded loss spectra – details are shown in the 

Experimental section). These values clearly confirmed that the dominant process observed in 

Figure 1(b,c) for all examined CAs has the Debye-like character (  ≈ 1). At this point 𝛽𝐾𝑊𝑊

one can also mention that the determined values of  parameter for CAs are comparable 𝛽𝐾𝑊𝑊

to those previously reported for their aromatic counterparts, where ~ 0.90-0.95 𝛽𝐾𝑊𝑊 

[26,27,34]. One can recall that the presence of the exponential decay of the electric 

polarization (D-relaxation), characterized by a single time constant, is considered as a 

characteristic feature for some associating liquids, including in MAs having hydroxyl unit(s) 

attached to the terminal carbon [56]. Note that often for those materials, the Debye mode 

dominates the recorded dielectric response [57,58], resulting in that the structural -relaxation 
is reflected only as an excess wing on the D-peak’s high-frequency flank. It should be 

mentioned that although the molecular mechanism of the Debye relaxation remains a puzzle 

[59,60,61,62,63], recently, this unique dielectric mode has been generally discussed in terms 

of the variation of the formed hydrogen bonds, including migration of defects through the H-

bonded network [27], dissociation process [64] or the transition from the ring to the linear 

architecture of supramolecular structures as deduced from dielectric measurements carried out 

in the nonlinear regime [65]. Therefore, by analyzing the shape, the dielectric strength, , Δ𝜀

and the relaxation times, , of D-process, one can gain some indirect insights into the 𝜏

population and behavior of H-bonds and morphology of associates.

In the inset of Figure 1(b), we plotted the dielectric loss spectra measured for all 

studied CAs and characterized by the same relaxation times of the Debye like process,  𝜏𝐷

(representative loss spectra were arbitrarily shifted vertically to superpose at maximum). 

Interestingly, we observed a broadening of the distribution of relaxation times with the length 

of the alkyl chain of studied materials. It might imply some variation in the H-bonded 

structures formed by examined series of CAs due to an increasing alkyl chain (an increasing 

molecular mass). Surprisingly, a comparison of loss spectra of 2C1E (non-aromatic MA) and 

2Ph1E (aromatic MA) superposed at constant also shows that there are some differences 𝜏𝐷 
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between both classes of MA. As shown, the distribution of relaxation times of PhAs is 

slightly broader when compared to their non-aromatic counterparts; see the insert in Figure 

1(c). This broadening might arise due to a different timescale between the structural (α) and D 

modes [26,27] (or alternatively due to the varying dielectric strength of both modes), as a 

result of the variation within the population of HB between both classes of materials 

(especially in terms of its heterogeneous nature). The differences in the behavior of the HB 

population arose due to variation in the chemical structure of examined MA will be 

investigated further by means of IR spectroscopy in the latter part of the manuscript.

Furthermore, we determined the values of glass transition temperature from the 

dielectric data. In Figure 1(d), we have shown the relaxation times of the Debye like mode, 

, plotted as a function of . Note that all  were determined from fits of recorded loss 𝜏𝐷 𝑇𝑔 𝑇  𝜏𝐷

spectra to the HN function with an additional conductivity term [40] (see Experimental 

section). The obtained -depencences were further fitted to the Vogel-Fulcher-Tammann 𝜏𝐷(𝑇)

(VFT) equation in order to determine the values of  of examined compounds (see 𝑇𝑔𝑠

Experimental section). All estimated values of  (defined as  at which = 100s) are 𝑇𝑔 𝑇 𝜏𝐷

added in Table 1. As it can be seen,  determined from -depencences are a few 𝑇𝑔𝑠 𝜏𝐷(𝑇)

degrees lower (0-6 K) than those obtained from calorimetric studies. Note that this might be 

due to the different heating rates applied in both techniques.

Taking advantage of performed dielectric measurements, we calculated the Kirkwood 

correlation factor ( ), which provides useful information about the variation in the local 𝑔𝐾

molecular arrangement in the studied CAs. The  parameter was estimated as follow [66]:𝑔𝐾

, (4)𝑔𝑘 =
9𝑘𝐵𝜀0𝑀𝑇(𝜀𝑠 ― 𝜀∞)(2𝜀𝑠 + 𝜀∞)

𝜌𝑁𝐴𝜇2𝜀𝑠(𝜀∞ + 2)2

where:  is the Boltzmann constant (~1.38 × 10-23 m2 kg s-2 K-1),  is Avogadro’s number 𝑘𝐵 𝑁𝐴

(~6.022 × 1023),  is density,  is molecular dipole moment determined from Density 𝜌 𝜇

Functional Theory (DFT) computations, whereas  and are static permittivity and 𝜀𝑠 𝜀∞ 

permittivity at infinite frequencies, respectively. Note that the  parameter was taken from 𝜀𝑠

BDS data, while the one was estimated from refractive index ( ) measurements (where 𝜀∞ 𝑛 𝜀∞

, the temperature dependence of  is shown in Figure S1). The temperature dependences ~𝑛2 𝑛

of  parameter are presented in Figure S4, whereas those calculated at  are 𝑔𝐾 𝑇 = 𝑇𝑔 +10 K

shown in the inset in Figure 1(d) and Figure 5(b). As illustrated,  ~ 3-4 for all examined 𝑔𝐾

CAs in the whole range of experimental data. Moreover,  increases upon cooling, as was 𝑔𝐾
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previously reported for various aromatic alcohols [26,27,34] as well as aliphatic MA, i.e., 

isomers of butanol [67]. One can recall that taking into account the Dannhauser approach, the 

value of  > 1 indicates cross-correlation between chain-like aggregates in self-assembling 𝑔𝐾

systems [68,69,70]. However, it should be mentioned that the value of  decreases with the 𝑔𝐾

elongation of the length of the alkyl chain in the structure of CAs. Note that the highest and 

the lowest value of  were reached for CM and 4C1B, respectively (see the inset in Figure 𝑔𝐾

1(d)). This might indicate that an increasing alkyl chain (and therefore molecular weight) of 

CAs disturbs the formation of chain-like self-assembles. Nevertheless, it should be 

highlighted that the linear decrease of  as a function of an increasing number of -CH2- 𝑔𝐾

groups observed for CAs is opposite to the one observed for PhAs. As reported,  𝑔𝐾

determined for phenyl-substituted MA revealed a clearly non-monotonic variation with the 

increasing length of the alkyl group, where the maximum (the highest value of ) was 𝑔𝐾

noticed for 3Ph1P [34]. Therefore, one can assume that there are some significant differences 

in the strength and population of self-assemblies formed by either aromatic or non-aromatic 

alcohols. To follow, in detail, differences in the behavior of HBs arose due to variation in the 

chemical structure of examined MA, further FTIR studies were performed.
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Figure 2. FTIR spectra of CAs in the frequency range 3750-2990 cm-1 measured at (a) 293 K 
and (b) . The spectra were normalized to the maximum intensity of OH stretching 𝑇𝑔
vibration.

To shed light on the dynamics of hydrogen bonds (HBs) in alcohols and to better 

understand/recognize the influence of the aromatic ring on the assembling phenomenon, 

special attention was paid to FTIR spectra of CAs and their phenyl analogs in the OH 

stretching ( ) vibrational region. It should be noted that the impact of the length of the alkyl 𝑣𝑂𝐻
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side chain on the behavior of benzyl alcohol homologues was studied in detail in our previous 

paper [34]. The representative FTIR spectra for CAs at selected temperatures (the room 

temperature, RT = 293 K, and ) in the region of 3750-2990 cm-1 are presented in Figure 2. 𝑇𝑔

Characteristic peaks, appearing at ~3330 cm-1 and 3629 cm-1 at RT, are assigned to the 

stretching vibration of the hydrogen-bonded ( ) and non-hydrogen-bonded ‘free’ ( ) 𝑣𝐻𝐵
𝑂𝐻 𝑣𝑓𝑟𝑒𝑒

𝑂𝐻

hydroxyl groups, respectively. The band assignment of the last one is additionally confirmed 

by the measurements of solutions of CAs in various non-polar solvents (cyclohexane, carbon 

tetrachloride (CCl4), benzene) (Figure S5 in the SM file). Based on Figure S5, one can also 

see that the type of solvent influences the self-assembly process of alcohols under 

investigation. In addition, the association of CAs in CCl4 depends on the alkyl chain length, 

i.e., the  band profile changes with the elongation of the chain length (the different 𝑣𝐻𝐵
𝑂𝐻

intensity ratio of peaks at ca. 3490 cm-1 and 3350 cm-1). On the other hand, for diluted 

solutions of CAs in cyclohexane and benzene, the lengthening of the side chain does not vary 

the spectral properties of  band. As presented in Table S1, up to the  (where  is the 𝑣𝐻𝐵
𝑂𝐻 𝑥 =  3 𝑥

number of  units in the hydrocarbon side chain), the frequencies of  band at 293 K are CH2 𝑣𝐻𝐵
𝑂𝐻

comparable (these data were obtained from the band deconvolution of FTIR spectra with the 

use of Gaussian–Lorentzian functions in OMNIC software; Figure S6 in the SM file), 

implying a similar strength of HBs in these systems. On the other hand, the value of  𝑣𝐻𝐵
𝑂𝐻

frequency for 4C1B deviates from the others, i.e., HBs between 4C1B molecules are slightly 

weaker than for shorter CAs. With the decreasing of temperature, the red-shift of  bands is 𝑣𝐻𝐵
𝑂𝐻

observed which indicates the weakening of the OH-bonds due to the formation of stronger 

HBs. Interestingly, when comparing the frequencies of the  signals of CAs in both 𝑣𝐻𝐵
𝑂𝐻

temperatures, it is seen that the intermolecular interactions in 4C1B are the weakest among all 

CAs at RT, but the situation changes at  when they become the strongest ones. Moreover, 𝑇𝑔

on cooling, the  band disappears confirming nearly complete/total association of CA 𝑣𝑓𝑟𝑒𝑒
𝑂𝐻

molecules at . On the other hand, the estimation/calculations of the non-bonded OH 𝑇𝑔

moieties’ percentages in CAs at RT (Figure S8(a)) shows that the population of the H-bonded 

OH groups decreases, while that of the free OH increases (from 0.54% to 1.05%) with the 

elongation of the chain length. Such a small fraction of non-associated (monomeric) 

molecules was also identified in aliphatic alcohols (< 2% in methanol and even less in other 

alcohols) [71]. Therefore, the degree of self-association of CAs slightly decreases with the 

increase in the side chain length. A similar spectral effect was detected for aliphatic 1-

alcohols in the liquid phase by Kwaśniewicz and Czarnecki [72]. 
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Next, an analysis of the bandwidth of OH stretching vibration measured by the full 

width at half maximum, , was conducted. Herein it should be stressed that FWHMs of 𝐹𝑊𝐻𝑀

the  bands were obtained as parameters from the curve fitting using Gaussian–Lorentzian 𝑣𝐻𝐵
𝑂𝐻

functions in OMNIC software (see Figure S6). It can be clearly seen that  values are 𝐹𝑊𝐻𝑀

essentially similar for the first three CAs at RT. However, it considerably changes in the case 

of 4C1B, i.e.,  is greater than for the others (ca. 30 cm-1) at RT. This indicates that the 𝐹𝑊𝐻𝑀

most heterogeneous aggregates in terms of HB strength are formed in 4C1B. Therefore, one 

can state that the length of the alkyl side chain starts to affect the distribution of H-bonded 

networks significantly for longer cyclic alcohols, i.e., when the . Such behavior may 𝑥 =  4

suggest the competition between the dispersive and HB interactions as the length of alkyl 

units increases. At ,  generally take smaller values suggesting that more ordered 𝑇𝑔 𝐹𝑊𝐻𝑀s

and homogeneous supramolecular nanoassociates are formed (Table S1). 
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Figure 3. Comparison of CAs and PhAs at (a) 293 K and  (b) in the spectral range of 3750-𝑇𝑔 
2990 cm-1. The inset shows the  bands at 223 K (at temperature just before crystallization 𝑣𝐻𝐵

𝑂𝐻
of BA). The spectra were normalized with respect to the absorbance maximum of the OH 
stretching vibration peak. 

Further, to discuss/reveal the role of aromaticity in alcohol self-assembly, the spectral 

properties of CAs and PhAs were compared. FTIR spectra of both CAs and PhAs in the range 

3750-3000 cm-1 at RT and  are presented in Figure 3. At first glance, the clear difference in 𝑇𝑔

the amount of non-bonded OH moieties is visible for the studied alcohols at 293 K, that is, the 

intensity of  is much higher in the spectra of aromatic alcohols compared to the cyclic 𝑣𝑓𝑟𝑒𝑒
𝑂𝐻
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ones (Figure 3(a)). It indicates that the aromatic ring indeed acts as a steric hindrance and 

prevents molecules from forming HB aggregates to a greater extent compared to CAs. As can 

be seen from Table S1, the shortest alcohols, CA and BA, are characterized by the strongest 

interactions at RT (the lowest frequency of the  band). For CAs, the HB strength decreases 𝑣𝐻𝐵
𝑂𝐻

with an elongation of the chain length at RT. Interestingly, the same effect was observed for 

neat aliphatic 1-alcohols, i.e., the hydrogen bonding weakens with the chain length increase 

[72]. It is of note that the opposite trend is observed for CAs at . In the case of PhAs, a non-𝑇𝑔

monotonic change in HB strength, as the length of the alkyl chain grows, occurs at both 

temperatures (the weakest HB interactions for 2Ph1E at RT and 3Ph1P at ). This irregular 𝑇𝑔

spectral variation for PhAs indicates a strong change in the assembling mechanism going 

from shorter to longer PhAs resulting from an interplay between dispersive and HB 

interactions [34]. Similar behavior was detected in the case of protic ionic liquids (PILs), in 

which the lengthening of the cation alkyl chain leads to well-defined self-assembled 

nanostructures in which the polar and apolar domains were better segregated [73]. 

Nanostructure in PILs results from electrostatic and H-bonding attractions between charged 

groups leading to the formation of polar domains. Cation alkyl groups are repelled from these 

regions and forced to cluster together into apolar regions. 

An analysis of the  of studied alcohols at both temperatures clearly shows that 𝐹𝑊𝐻𝑀𝑠

the shorter PhAs (up to the x = 3) have a broader  bands than CAs, which suggests the 𝜈𝑂𝐻

existence of additional interactions involving aromatic rings apart from the typical  O ― H···O

contacts. The existence of such competitive type of H-bonds, , was also suggested O ― H···𝜋
by DFT calculations (  (ΔEBSSE = -5.67 kcal·mol-1) vs.  (ΔEBSSE = -2.06 O ― H···O O ― H···𝜋
kcal·mol-1); Figure S7). Interestingly, there is a reverse relationship for butanols, i.e.,  𝐹𝑊𝐻𝑀

of 4C1B is considerably greater than 4Ph1B. Therefore, it can be concluded that HBs of 

shorter CAs (x=1-3) are more homogeneous (the interactions are similar in strength) than 

those of PhAs. This property also changes with the chain length for PhAs, i.e., their  bands 𝑣𝐻𝐵
𝑂𝐻

at RT narrow with the elongation of the alkyl chain. The opposite is true at a lower 

temperature ( ). 𝑇𝑔

Further, we performed the calculations of the activation enthalpy ( ) for the 𝐸𝑎

dissociation of CAs using the van't Hoff equation, according to the procedure described in our 

previous work, and compared them with the values obtained for PhAs [34]. Figure S8(b) 

shows that CAs exhibit a non-monotonic relationship between  values and the number of 𝐸𝑎
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units in the side chain, i.e., the maximum value of  occurs for 2C1E (24.58 kJ mol-1). CH2 𝐸𝑎

In contrast, a clear increase in the  values with a chain extension is observed for PhAs. 𝐸𝑎

What is more, the  values of CAs are much higher than those of phenyl derivatives (~10 kJ 𝐸𝑎

mol-1). It might be related to the higher flexibility of cyclohexyl ring, for which much more 

comfortable conformations can be adapted, resulting in an increased HB stabilization. It 

should also be mentioned that the average enthalpies of H-bonding for methanol, ethanol, 

propan-1-ol, propan-2-ol, butan-1-ol, hexan-1-ol and octan-1-ol in the liquid phase are in the 

range from - 15.1 to - 17.7 kJ mol-1 [71]. Thus, these values are between those obtained for 

CAs and PhAs. We also determined the average number of molecules in H-bonded aggregates 

of CAs based on the investigation of alcohols in dilute CCl4 solution using the method 

described in the SM file. As presented in Table S2, CAs form the supramolecular assemblies 

( ) containing 3 or 4 H-bonded molecules, whereas the  for PhAs. Consequently, at RT 𝑛 𝑛 ~ 3

the trimers and tetramers dominate in CAs. 

Based on the performed FTIR studies, we observed that the elimination of aromaticity 

in the examined monohydroxy alcohols, made by a simple substitution of phenyl ring by non-

aromatic cyclohexyl one, leads to some pronounced difference in the strength and the 

population of formed hydrogen bonds network. To support these observations concerning the 

differences in the HB distribution in the studied materials as an effect of side group 

aromaticity, further structural studies were performed.

Figure 4. Comparison of XRD data for CAs and PhAs at (a) 293 K and (b)  in the low-  𝑇𝑔 𝑄
range of 0.25 – 2.5 Å-1. The data for PhAs were normalized to the maximum of the main 
peak, while the data for each CA were normalized to the high-  range (5 – 20 Å-1) of the 𝑄
corresponding PHA.
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The differences in the supramolecular structure between the studied alcohols are also 

revealed in the X-ray diffraction (scattering) patterns. Figure 4(a) shows the comparison of 

the scattering data in the low-  range up to 2.5 Å-1 for the four pairs of cyclic alcohols and 𝑄

their phenyl analogues, as a function of alkyl chain length looking from left to right. The 

diffractograms for CAs in this range are characterized by two features related to the 

intermolecular structure: the main peak around 1.25 Å-1 and the pre-peak around 0.5 Å-1. The 

origin of the pre-peak in alcohols has been discussed in many papers [74,75,76,77] and 

explained based on the computer simulations as arising due to structural correlations between 

OH groups as a consequence of the association of molecules by HBs. One can see that the 

intensity of the pre-peak decreases, the width increases, while its position shifts towards lower 

 values with the elongation of the chain for CAs. It means that the correlation distances 𝑄

move towards greater values and the total intermolecular correlations weaken on this length 

scale for longer CAs. Since the correlations in the pre-peak region for alcohols are mainly due 

to OH groups, it indicates a weakening of the association of CAs via HBs with the increase in 

the chain length. 

The X-ray scattering data for PhAs show clear differences compared to their cyclic 

analogs: (i) the main peak is much wider, less-intense, asymmetric and shifted towards higher 

 values, (ii) the pre-peak is damped. In fact, the pre-peak is clearly visible only for the 𝑄

shortest PhA – BA. With the increase of the chain length, the pre-peak is suppressed. A 

similar tendency was observed for CAs. For the 4Ph1B, the pre-peak completely disappears. 

It means that the supramolecular correlations on the medium-range scale are missing, or the 

partial atomic correlations cancel each other out. The explanation of this phenomenon may be 

possible based on the computer simulations. Nevertheless, such a difference in the scattering 

patterns between the cyclic and aromatic alcohols suggests that the aromaticity introduces 

more heterogeneity into the intermolecular structure. This is also confirmed by the behavior 

of the main peak related to the short-range intermolecular correlations. It is clearly seen that 

the main peak is more asymmetric and its FWHM is much wider for aromatic alcohols than 

for cyclic counterparts. The asymmetry of the main peak suggests that it is composed of two 

overlapping components. That would indicate two preferred arrangements of molecules. It 

would be possible when the phenyl ring stacking occurs. The presence of two competitive 

organization of molecules, via the -related interactions and H-bonding, would introduce two 𝜋

different periodic lengths, i.e. a larger distance between molecules (comparable to the 

intermolecular distance in CAs) as well as a smaller distance related to the phenyl ring 

stacking. Therefore, the short-range structure of PhAs can be considered more heterogeneous 
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than CAs. The differences in the position and full-width at half maximum of the main 

diffraction peak for CAs and PhAs are presented in Fig. 4 (a,b).

Figure 4(b) shows the XRD patterns for the studied alcohols measured at temperatures 

around . BA crystallized at this condition. For the other alcohols, the positions of the main 𝑇𝑔

peak shift towards higher  values (smaller distances) with the temperature drop. This is the 𝑄

standard temperature effect. The  values also behave as standard – decrease for lower 𝐹𝑊𝐻𝑀

temperatures, indicating an increase in the degree of structural order and coherence length. 

265 270 275 280 285 290 295 300
28

30

32

34

1 2 3 4 5 6 7
20

24

28

32

36

40

1 2 3 4 5 6 7
40

50

60

70

80

90

100

1 2 3 4 5 6 7
8

12

16

20

24

28

32

CM
2C1E
3C1P
4C1B

Su
rfa

ce
 te

ns
io

n,
 


[m

N
 m

-1
]

Temperature [K]

Cyclic alcohols
Phenyl alcohols
 Aliphatic alcohols

Su
rfa

ce
 te

ns
io

n,


[m

N
 m

-1
]

Number of CH2 units in the alkyl chain
Cyclic alcohols
Phenyl alcohols
 Aliphatic alcohols

Su
rfa

ce
 e

nt
ro

py
, 

Sa
[1

0-
3

m
N

 m
-1

 K
-1

]

Number of CH2 units in the alkyl chain

(a) (b)

(c) (d)
Cyclic alcohols
Phenyl alcohols
 Aliphatic alcohols
Alkanes

M
ol

ar
 s

ur
fa

ce
 e

nt
ro

py
, 

S 
[J

 K
-1

 m
ol

-1
]

Number of CH2 units in the alkyl chain
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( , 10-3 mN·m-1·K-1) of CAs compared with  of PhAs34 and aliphatic alcohols 𝑆𝑎 = ― (∂𝛾
𝛿𝑇)

𝑝
𝑆𝑎

50,51Error! Bookmark not defined.. (d) Molar surface entropy ( , J·K-1·mol-1) 𝑆𝑣 = ―8.45 ∙ 𝑉2/3
𝑚 ·( ―

∂𝛾
𝛿𝑇)

𝑝

of CAs compared with  of PhAs34, aliphatic alcohols and alkanes52.𝑆𝑣

To obtain more information about the behavior of alcohols differentiated in terms of 

the side groups (aromatic or non-aromatic), we also measured their surface tension, , and 𝛾

calculated the surface entropy, , as well as molar surface entropy, , which is supposed to 𝑆𝑎 𝑆𝑣
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allow us to distinguish these materials according to the intermolecular forces. The estimated 

values of , , and  at different temperatures are shown in Figure 5 and are listed in Table 𝑆𝑎 𝑆𝑣 𝛾

S3. It can be noticed that previously, for PhAs [34], longer alkyl chain homologues had lower 

surface tension, which was reciprocal to the behavior of  in homologues series of AAs 
[50,51] (Figure 5(b)). In this work, the surface tension of CAs at 298.2 K changes irregularly 

with the lengthening of the alkyl chain (Figure 5(a)). Moreover, the   values of CAs are 
between the surface tension of AAs and PhAs (Figure 5(b)). The more detailed interpretation 

of  and  is given in refs. [52,78,79]. However, it should be noticed that both entropies are 𝑆𝑎 𝑆𝑣

interpreted in terms of the surface order [79]. It can also be added that , similarly like molar 𝑆𝑣

surface energy, concerns the sphere of volume, which consists of 1 mole of molecules. The 

most common value of , for many organic substances is around 20 J K-1 mol-1, due to the 𝑆𝑣

primarily quantum effects derived from London dispersion forces, which is the most dominant 

in surface tension [79]. This is also characteristic of alkanes having large molar surface 

entropy due to their weak mutual attraction [79]. However, as it was reported earlier [34,52], 

for AAs and PhAs, especially for shorter homologues Sv can achieve lower values (see Figure 

5(d)). The molar surface entropy below 20 J K-1 mol-1 was also observed for water (8.8 J K-1 

mol-1 79), which can be attributed to a similar order of molecules on the surface and in bulk. 

This is presumably possible due to the monolayer present on the surface created by hydrogen-

bonded hydroxyl groups, which are bound to the surface. From Figure 5(d), it is seen that the 

molar surface entropy of CAs resembles rather  of alkanes than AAs. It is maybe not very 𝑆𝑣

surprising when  of cyclohexane is 23 J K-1 mol-1 (calculated based on data from 𝑆𝑣

Vargaftik80), whereas for toluene 18 J K-1 mol-1 (calculated based on data from Badachhape 

[81]) and for benzene: 21.81 J K-1 mol-1 [79]. Relatively high values of CAs show that the 𝑆𝑣

influence of cyclohexane on the surface properties of these substances is very strong. At the 

same time, the surface entropy (Figure 5(c)) of CAs, calculated directly from the temperature 

dependence of surface tension, shows the similarity to  of AAs with the exception of CM. It 𝑆𝑎

can be added that the surface entropy, , of CAs increases with the lengthening of the alkyl 𝑆𝑎

chain, like for PhAs, whereas the  behaviour for AAs is quite the opposite (see Figure 𝑆𝑎

5(c)). From the inspection of Figures 5(b) and 5(c) (surface tension and surface entropy), it is 

obvious that the surface of CAs is ordered like for AAs, to a larger extent than it was for 

PhAs. This is despite the presence of cyclohexane in the molecule - a kind of steric hindrance 

for the creation of hydrogen bonds. To sum up, taking into account  - CAs seem to be closer 𝑆𝑎
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to AAs, whereas the normalized parameter,  shows the real influence of the cyclohexane of 𝑆𝑣

the surface layer order of CAs, which seem to be similar to alkanes (Figure S5(c) and (d)). 
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Figure 6. The effect of aromaticity and the alkyl chain length on (a) thermal, (b) dielectric (at 

Tg + 10 K) (c, d) infrared, (e, f) diffraction, and (g, h) surface data for the studied CAs and 

PhAs at T = 298 K (the error bars are within the experimental points). 

In order to fully recognize the effect of the aromatic substituent in examined MAs on 

the H-bonding properties, the plots of different studied parameters versus the side alkyl chain 

length of associating liquids were constructed and presented in Figure 6. An interesting 

correlation between the Kirkwood factor and the side alkyl chain length is observed. 
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Generally, PhAs exhibit the non-monotonic behavior of as the number of CH2 units in the 𝑔𝐾 

chain varies, whereas this factor decreases as the length of the side alkyl chain increases in 

CAs. Moreover, the Tg values for CAs are lower than those for PhAs, resembling aliphatic 

alcohols. FTIR results show that the replacement of a flexible cyclic ring with a rigid aromatic 

one modifies the spectral parameters of the  band. It is manifested by the changes in the 𝜈𝑂𝐻

intensity, the full width at half maximum, the wavenumber of the OH stretching vibration 

band, and the activation enthalpy for the dissociation process. FTIR data also showed that the 

aromatic moiety leads to larger spatial heterogeneity in H-bond strength for shorter PhAs 

(BA, 2C1E) compared to CAs, whereas for longer ones, there is a change in this trend. The Ea 

values suggested that the OH energy is sensitive to the H-bonding environment, i.e., PhAs 

exhibit much lower Ea values than CAs. However, in the case of PhAs, the Ea value increases 

with elongation of side alkyl chain length, while the non-monotonic dependence of this 

parameter is observed for CAs. What is more, the FWHM values of the  band of PhAs  at 𝑣𝐻𝐵
𝑂𝐻

293 K decreases with the elongation of the alkyl chain, which may indicate a gradual 

disappearance of the  interactions (suggested by DFT calculations). It also indicates O ― H···𝜋
that the steric hindrance of the bulky phenyl groups in the proximity of the OH group of PhAs 

occur, in which aromatic rings act as intermolecular “spacers/inhibitors” for H-bonding 

formation. X-ray scattering data reveal damping of the pre-peak as well as broadening of the 

main peak and decrease in its intensity for PhAs in comparison to CAs. These features 

suggest that the intermolecular structure of PhAs is more complex than CAs. This is 

evidenced by the asymmetric shape of the main diffraction peak as well as the shift of its 

position towards greater  values (shorter correlation distances) for PhAs compared to CAs. It 𝑄

is also seen that with the elongation of the alkyl chain, the values of the correlation distances 

increase. Thus, we can conclude that for longer-chained alcohols, there is a weakening of the 

association process. In addition, the surface tension of the studied alcohols decreases with 

increasing alkyl chain length, with the effect of odd-even in CAs. The values of surface 

entropy and molar surface entropy of CAs are higher than those of corresponding PhAs, 

which may be due to the slightly stronger hydrogen bonding in CAs. It should be noticed that, 

at first glance, the surface properties of the studied MAs (the γ, , and ) are in apparent 𝑆𝑎 𝑆𝑣

contradiction with the structural, thermal, and spectroscopic results. A possible reason for this 

is the lack of compensation of specific actions on the surface, as some molecules only come 

into contact with the surface. Thus, the surface effects do not have to correlate with the 

processes occurring in bulk.
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Conclusions

In this paper, we probe the influence of aromaticity on the associating behavior of a series of 

non-aromatic monohydroxy alcohols and their aromatic counterparts by means of various 

experimental techniques, infrared and dielectric spectroscopy, X-ray diffraction, differential 

scanning calorimetry. Additionally, the surface tension measurements were performed, and 

calculations on surface entropy and molar surface entropy were made. It was found that both 

groups of alcohol differ in the glass transition temperature, Kirkwood factor, and the 

distribution of relaxation times, which indirectly imply differences in the population of 

hydrogen-bonding structures formed by those materials. This assumption is confirmed by IR 

measurements, which reveal the changes in the intensity, the full width at half maximum and 

wavenumber of the OH stretching vibration bandwidth, and furthermore the activation 

enthalpy for the dissociation. Moreover, one can add that examined CAs form the 

supramolecular assemblies ( ) containing 3 or 4 H-bonded molecules, whereas the  for 𝑛 𝑛 ~ 3

PhAs. This simply indicates that the elimination of aromaticity in the examined monohydroxy 

alcohols, made by a simple substitution of phenyl ring by non-aromatic cyclohexyl one, leads 

to some pronounced difference in the strength and the population of formed hydrogen bonds 

network. Also, performed XRD analysis indicated a difference in the molecular packing 

between both classes of materials, CAs and PhAs, as the nano-clusters created in PhAs are 

characterized by higher disorder between molecules. Interestingly, all results revealed that the 

introduction of aromaticity in the structure of monohydroxy alcohols influences the ability of 

these alcohols to build a hydrogen bond network and spatial organization. We believe that the 

presented data allow a better understanding of the behavior of self-assembling materials and 

the correlation between HB and chemical structure.
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