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Abstract

The present study investigates the intermolecular
interactions and structural behavior of PEG200 and PEG300
solutions in cyclohexanone using ultrasonic techniques.
Acoustical, thermodynamical, and physicochemical parameters
were evaluated at concentrations ranging from 0.25-1.0%.
Experimental results showed that density, viscosity, ultrasonic
velocity, absorption coefficient, acoustic impedance, internal
pressure, Rao’s constant, Wada’'s constant, and viscous
relaxation time increased with concentration, whereas adiabatic
compressibility and free volume decreased. These variations
indicate  strong intermolecular interactions between
polyethylene glycol and cyclohexanone molecules, leading to
enhanced molecular association and compact solution
structures. The increase in ultrasonic velocity and acoustic
impedance, together with the decrease in compressibility and
free volume, confirms stronger cohesive forces and greater
structural organization within the mixtures. Comparative
analysis revealed that PEG300 exhibits stronger interaction
effects than PEG200 due to its higher molecular weight and
longer polymer chain. The observed interactions are mainly
attributed to dipole-dipole and hydrogen-bond-assisted
associations between PEG molecules and the carbonyl group of
cyclohexanone. The study demonstrates that ultrasonic analysis
is an effective and non-destructive method for understanding
molecular interactions and the acoustical and thermodynamical

behavior of PEG-cyclohexanone systems.

Keywords: Polyethylene Glycol, Cyclohexanone, Ultrason-
ic Velocity, Intermolecular Interactions, Adiabatic Com-
pressibility, Acoustic Impedance and Thermodynamical

Properties.

1. Introduction

The investigation of ultrasonic properties in liquid mix-
tures has received a great deal of interest in recent years
as it has contributed to the knowledge of intermolecular
interactions, molecular association and structural behav-
iour of complex fluid systems [1]. Ultrasonic techniques
are well known and proven tools for the study of the phys-
icochemical properties of liquid mixtures and are non-
destructive and highly sensitive. Information about the na-
ture and strength of molecular interaction that can exist in

a solution system can be gained from the values of param-
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eters like ultrasonic velocity, density, viscosity, acoustic
impedance, compressibility and free length [2]. The acous-
tical studies are of great importance in polymer science,
pharmaceutical formulations, chemical engineering and
industrial use of solvents where the behavior of molecular
interactions directly affects the material performance and
processing properties.

Polyethylene glycol (PEG) is one of the most extensively
used polymeric compounds in scientific and industrial ap-
plications due to its remarkable physicochemical stability,
non-toxic nature, high solubility and excellent compatibil-
ity with various organic solvents [3]. The PEGs are linear
polyether compounds with repeating ethylene oxide units
and come in various molecular weight ranges commercial-
ly. PEG200 and PEG300 are two low molecular weight lig-
uid polymers with interesting solvent and interaction
properties [4]. They are extensively used in medicine,
cosmetics, lubricants, coatings and biomedical formula-
tions owing to their attractive rheological and thermody-
namic properties. The range of molecular weights between
PEG200 and PEG300 affects the flexibility, association and
hydrogen bonding capacity of their solutions, which in
turn has an impact on the acoustical and transport proper-
ties of the solutions [5].

Cyclohexanone is an important cyclic ketone widely used
as an industrial solvent and chemical intermediate in the
production of nylon, resins, paints, adhesives, and phar-
maceuticals. The carbonyl functional group is polar, which
allows cyclohexanone to interact strongly with other polar

molecules, such as polymeric molecules such as polyeth-

ylene glycols [6]. It is therefore necessary to understand
the interaction between the PEG molecules and the cyclo-
hexanone in order to gain insight into the manner in which
molecules are organized and arranged within the solution
medium. Such investigations can be used to develop better
solvents, and to gain more understanding of solution
chemistry and molecular dynamics [7].

Ultrasonic investigation of polymer-solvent systems is use-
ful technique for the study of the degree of molecular in-
teraction and association in liquid mixtures [8]. The veloci-
ty and absorption of ultrasonic waves in a medium is
strongly affected by intermolecular forces, packing effi-
ciency and relaxation processes in the structure. Changes
in the acoustical parameters are usually associated with
the presence of certain interactions like hydrogen-
bonding, dipolar interaction and molecular aggregation
[9]. The molecular structure and the compressibility be-
haviour may change because of the interaction between
the ether oxygen atoms of PEG molecules and the carbonyl
group of cyclohexanone in PEG-Cyclohexanone systems.
Thus, in detail, ultrasonic analysis can give a great deal of
information concerning the strength and nature of these
interactions [10].

A few researchers have reported ultrasonic and acoustical
studies of polymer solution and binary liquid mixtures to
assess the molecular interactions and thermodynamic
properties [11-14]. A previous study on a polyethylene
glycol system has shown that ultrasonic methods are very
efficient in characterizing the structural changes and in-

teraction mechanism in solution media [15-17]. There is
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however very little research available regarding the com-
parative ultrasonic behaviour of PEG200 and PEG300 solu-
tions of cyclohexanone [18-19]. The present study, there-
fore, focuses on the study of the ultrasonic properties of
PEG200 and PEG300 in cyclohexanone by measuring the
various acoustical parameters and elucidating the inter-
molecular interactions of the system. The results of this
work should be useful to the understanding of the molecu-
lar behavior, acoustic response, and physicochemical
properties of PEG-based solvent systems, and eventually
the understanding of polymer-solvent interactions in lig-
uid solutions.

2. MATERIALS AND METHODS

Polyethylene glycol samples namely PEG200 and PEG300
used for the present investigation were of analytical
reagent grade and were procured from Merck (India) Ltd.,
Mumbai. The solvent medium used is cyclohexanone,
which was obtained from S.D. Fine-Chem Ltd., Mumbai and
was not purified. The purity of all the chemicals employed
in the study was high with a minimum error in
experimental measurements of ultrasonic readings.
Solutions were freshly prepared in the lab to ensure that
contaminants and solvent evaporation effects were not
present.

The amount of PEG200 needed was carefully measured
with a digital electronic balance (Shimadzu Corporation,
accuracy +1 mg). Four different concentrations of PEG200
solution were prepared by dissolving 0.25 g, 0.50 g, 0.75 g

and 1.00 g of the polymer in 100 ml of cyclohexanone to

get 0.25%, 0.50%, 0.75% and 1.00% respectively. The

same method was used to prepare PEG300 solutions of the
same concentration. Stirring was continuous to assure
uniform dissolution and homogeneity of the solutions.
Under controlled temperature, single-frequency ultrasonic
interferometer was used to measure ultrasonic signals.
The system was calibrated before measurements were
taken, to assure the accuracy and reproducibility of the
acoustical parameters obtained from the system.

3. RESULT AND DISCUSSION

3.1 Variation of Density, Viscosity and Ultrasonic Ve-
locity in PEG200 and PEG300-Cyclohexanone Systems
The measured densities, viscosities, ultrasonic velocity and
intermolecular free length (Mesr) of PEG200 and PEG300 in
cyclohexanone at different concentrations are listed in
Table 3.1 and the graphical variation are shown in Fig.
3.1.1, Fig. 3.1.2 and Fig. 3.1.3. This systematic variation of
the aforementioned acoustical and physicochemical
parameters is definitely evidence of a great molecular
interaction between polyethylene glycol molecules and
cyclohexanone solvent molecules.

It is clear from Fig. 3.1.1 that the density of both PEG200
and PEG300 solutions is increased with the increase of
concentration [20]. In case of PEG200, the density
increment is from 0.9443 g/cm? for pure cyclohexanone to
0.9470 g/cm® at 1.00 % whereas PEG300 shows a
comparatively higher increase to 0.9485 g/cm® at the
same concentration. This is believed to be due to the
tighter packing of molecules and stronger cohesive forces
in the solution system [21]. The relatively high densities

measured for PEG300 have been attributed to its higher
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molecular weight and chain length, which results in more

intermolecular association with the cyclohexanone
molecules [22]. This type of behaviour indicates dipole-
dipole interactions and probable molecular aggregation by
hydrogen bonding in the solution medium [23].

Table 3.1 Measured Properties of PEG in

Cyclohexonone
Concentration| Density |Viscosity|Velocity| Mest
SYSTEM
% gm/cm3 cP cm/sec| gm
0.00 0.9443 | 1.7056 |137100| 98.15
0.25 0.9455 | 1.7499 |137233| 98.28
PEG200 0.50 0.9463 | 1.7995 [137333| 98.41
0.75 0.9468 | 1.8553 |137409| 98.55
1.00 0.9470 | 1.9117 137467 | 98.68
0.00 0.9443 | 1.7056 |137100| 98.15
0.25 0.9464 | 1.7897 (137317 | 98.32
PEG300 0.50 0.9477 | 1.8654 |137447| 98.50
0.75 0.9482 | 1.9416 |137533| 98.67
1.00 0.9485 | 2.0002 |137600| 98.85

As concentration increases, the viscosity increases as
shown in Fig. 3.1.2. A gradual increase in viscosity is
observed for both PEG systems with increasing polymer
concentration. The viscosity of PEG200 solutions increases
from 1.7056 cP to 1.9117 cP, and PEG300 solutions have a
higher increase from 1.7056 cP to 2.0002 cP. This rise in
viscosity is due to the increased viscosity after the increase

in the strength of the interaction between the molecules of

the solute and solvent, as well as the increased resistance
to the flow of molecules [24]. The influence of the
molecular size and chain entanglement effect is further
confirmed by the higher viscosity values shown by
PEG300. The concentration, the

higher the more

effectively the polymer chains interact with the
cyclohexanone molecules and the more viscous the
solution will become, as a result of which the molecules
will not be able to move about as easily [25]. The non-
linear increase in viscosity with concentration also shows
that there are some kind of structured molecular
organization in the liquid mixture [26].

The rate of change of ultrasonic velocity with
concentration is shown in Fig. 3.1.3 for PEG200 and
PEG300. In both, the velocity of sound rises regularly as
the concentration increases, which means that the
elasticity and compactness of the solution medium
increases [27]. The velocity of PEG200 is increased from
137100 cm/s to 137467 cm/s while PEG300 has even
higher increase up to 137600 cm/s. The higher value of
ultrasonic velocity could be due to the rise in
intermolecular cohesion and a corresponding decrease in
compressibility of the solution [28]. The larger the velocity
value, the more the constituent molecules interact, and the
better the ultrasonic waves can be transmitted in the
medium [29]. From the comparison of the velocities, it is
evident that PEG300 solutions have a relatively higher
velocity, thus indicating stronger molecular association

caused by the larger size of PEG molecule and greater

interaction between PEG molecules [30].
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The simultaneous determination of density, viscosity and
ultrasonic velocity clearly indicates that PEG molecules
have a strong effect on the structural-acoustical behaviour
of the solvent system. The trend observed are in
agreement with the presence of significant intermolecular
forces between PEG and cyclohexanone molecules [31]. As
the concentration increases, the acoustical parameters
increase, which facilitates the formation of molecular
structures associated with the mixture and the increase of
cohesive forces between molecules [32]. Furthermore,
PEG300 has higher interaction effects than PEG200,
because of the relatively higher molecular weight and
longer polymeric chain structure of PEG300 [33].
Therefore, it is evident from the present ultrasonic study
that concentration and molecular weight are important
parameters in the determination of the acoustical and the
physicochemical behavior of PEG-Cyclohexanone systems
[12]. The findings of this study are well in line with
previous ultrasonic studies of polymer-solvent mixtures,
and help shed light on the molecular interaction
mechanism that exists in polyethylene glycol solutions.

3.2 Thermodynamical Parameters and Molecular In-
teraction Studies of PEG200 and PEG300 in Cyclohexa-
none

The thermodynamical parameters of the PEG200 solutions
and the PEG300 solutions in cyclohexanone as a function
of concentration are shown in Table 3.2 and in the figures
in the following text, as absorption coefficient, free volume,

internal pressure and viscous relaxation time respectively.

These parameters are important for the understanding of
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nature of intermolecular interactions, structure and
dynamics of polymer-solvent systems. The difference in
the measured parameters observed is a clear indication of
strong solute-solvent interaction and modification of the
solution medium [34].

The absorption coefficient of PEG200 and PEG300 solu-
tions as a function of concentration is shown in Fig. 3.2.1.
The absorption coefficient is observed to be increasing
with increasing concentration for both systems. For
PEG200, the absorption coefficient increases from 1.843 x
10-1% cm1s2 to 2.043 x 1014 cm1s2, whereas PEG300 ex-
hibits a comparatively higher increase up to 2.128 x 10-14
cm1s2. The higher value of absorption coefficient means
that the ultrasonic energy is being absorbed more strong-
ly, which could be attributed to stronger molecular inter-
actions and energy dissipation in the material [29, 35]. [t is
assumed that the increase of cohesive forces and relaxa-
tion processes between molecules of polyethylene glycol
and cyclohexanone solvent molecules is the reason for this
behavior [36]. The relatively higher values of PEG300 indi-
cate greater association between the molecules which may

be due to increased molecular chain and higher molecular

weight [37].

The effect of concentration on free volume is presented in
Fig. 3.2.2. The free volume is found to be a decreasing
function of concentration for both PEG systems. In PEG200
solutions, the free volume decreases from 7.914 x 105
ml/mol to 6.751 x 10-> ml/mol, while PEG300 shows a

sharper decrease reaching 6.333 x 10-5 ml/mol at 1.00%

concentration. The reduction of free volume reveals the
tendency of the molecules to pack closely together and
restrict movement [38]. This behavior demonstrates that
there is indeed more intermolecular attraction and more
intermolecular association between the constituent
molecules. The decrease in free volume also indicates that
the PEG molecules cause a compact structural
arrangement in the cyclohexanone medium [39]. The chain
interactions and molecular entanglement effects are more
significant in PEG300, which results in lower free volume
values [40].

Figure 3.2.3 shows the change of internal pressure as a
function of concentration. The internal pressure of both
PEG200 and PEG300 systems is observed to increase with
the increase in concentration. The internal pressure of
PEG200 is changed from 46671 to 49130 atm while that of
PEG300 shows an increase up to 50182 atm. The cohesive
energy density and intermolecular attractive forces of the
liquid system are directly related to its internal pressure
[41]. An increase in internal pressure means that the
interaction between solute and solvent molecules will be
increased, which means that the stability of the solution’s
structure will be increased [42]. The cohesive interactions
are comparatively larger in PEG300 solutions because of
the larger molecular structure of PEG300 which is evident
from the higher internal pressure values [43].

The viscous relaxation time is plotted as a function of con-
centration in Fig. 3.2.4. It is found that the viscous relaxa-
tion time of both PEG systems increases with increasing
PEG200 increase from

concentration. shows an
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1.281 x 1010 sec to 1.424 x 10-10 sec, while PEG300 reach-
es 1.485 x 10-10 sec at 1.00% concentration. This extended
relaxation time implies a slowing down of molecular re-
arrangement and a strengthening of resistance to molecu-
lar motion in solution medium [44]. This behavior can be
explained by increasing intermolecular interactions and
the appearance of associated molecular structures that

slow down the process of structural relaxation [45].
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This overall analysis of thermodynamical parameters
clearly shows that the interactions between PEG molecule
and cyclohexanone are strong dipolar and hydrogen-bond
interactions [46]. The absorption coefficient and the
pressure of the solution, as well as the viscosity relaxation
time, are observed to increase and the free volume
decreases, which confirms that the system of molecules

forms compact and highly associated molecular structures
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in the solution [47]. Additionally, the interaction effects of
PEG300 are more significant than PEG200 because
PEG300 has a higher molecular weight and longer chain
length. The results presented are in agreement with

previous ultrasonic studies on polymer-solvent mixtures

interactions and modification of the structures involved in
the formation of the liquid systems and hence are very
useful for understanding nature of solute-solvent
association in polymeric solution [8, 11 & 13].

TABLE 3.3 Ultrasonic Properties of PEG in

and are helpful to wunderstand the acoustical and Cyclohexanone
thermodynamical properties of polyethylene glycol Adiabatic | Acoustic Rao Wada
Concentrati [Compressibil{ Imped- Con-
. . . . Con-
solutions in a cyclohexanone medium. SYSTEM|  on ity ance | . | stant
% x 1011 gm cm em2s1| M
2 -1
Table 3.2 Thermodynamical Properties of PEG in cm?/dyne S dyne
0.00 5.634 129464 [5359.52(3026.56
Cyclohexanone
0.25 5.616 129754 [5361.66|3028.18
. Viscous
] Absor:p.tlon Free | . ernal Relaxation |PEG200 0.50 5.603 129958 [5365.62(3030.67
Concentration | Coefficient |Volume -
SYSTEM o 4 105 Pressure Time
%o x 10 x 10 atm x 10-10 0.75 5.594 130099 [5370.94{3033.83
cmis?z  (ml/mol sec
0.00 1.843 7014 | 46671 1281 1.00 5.588 130181 [5377.70{3037.68
0.25 1.883 7642 | 47215 1310 0.00 5.634 129464 [5359.52(3026.56)
0.75 1.986 7.042 | 48478 1.384 PEG300 0.50 5.585 130259 (5363.81{3030.17
1.00 2.043 6.751 | 49130 1.424 0.75 5.576 130409 [5371.57|3034.70
0.00 1.843 7.914 | 46671 1.281 1.00 5.568 130514 (5380.20|3039.64
0.25 1.920 7.400 | 47741 1.337
PEG300 0.50 1993 | 6983 | 48661 | 1.389 The variation of the adiabatic compressibility with
7 2.07 599 | 4954 1.44 .
075 070 | 659 9545 3 concentration of PEG200 and PEG300 systems are shown
1.00 2.128 6.333 | 50182 1.485

3.3 Acoustical Parameters and Molecular Interaction
Analysis of PEG200 and PEG300 in Cyclohexanone

The acoustical parameters like adiabatic
compressibility, acoustic impedance, Rao’s constant and
Wada’s constant of PEG200 and PEG300 solutions in
cyclohexanone are given in Table 3.3; the concentration
dependent variation of these parameters are shown in Fig.

3.3.1, Fig. 3.3.2, Fig. 3.3.3, and Fig. 3.3.4, respectively. The

parameters are very sensitive to the nature of the

in Fig. 3.3.1. Adiabatic compressibility is observed to be
continuously decreasing with increase in concentration for
both the polymer solutions. In PEG200 solutions, the
compressibility decreases from 5.634 x 10-11 cm2/dyne to
5.588 x 101! cm?/dyne, whereas PEG300 exhibits a
comparatively larger decrease reaching 5.568 x 1011
cm?/dyne at 1.00% concentration. With increasing
polymer concentration the decrease in compressibility

demonstrates a more restricted structure and increased

incompressibility of the solution [48]. This can be
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explained by the attraction between molecules and the
packing of molecules in the PEG and the cyclohexanone
solvent [31, 49]. This decrease in compressibility is a
confirmation of the presence of the strong cohesive forces
in the solution medium [50]. PEG300 has a higher
molecular association and larger molecular size, which

results in lower compressibility values.
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The results of the variation of acoustic impedance with
concentration are shown in Fig. 3.3.2. It is found that both
PEG systems have a linear positive dependence of the
acoustic impedance on the concentration. For PEG200, the
acoustic impedance increases from 12946 gm cm2s? to

130181 gm cm2s't, while PEG300 exhibits higher values
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increasing up to 130514 gm cm-2s-1. Acoustic Impedance is
related to density and Ultrasonic velocity and it can be said
to represent resistance of material against the propagation
of ultrasonic waves [8]. This observed increase in
interaction between constituent molecules and rigidity of
the solution system [51]. The PEG300 solution with the
higher impedance value has relatively higher cohesive
interactions, which may be attributed to the longer chains

and higher molecular weight of PEG300 molecules [52].

Rao’s constant for PEG200 and PEG300 solution is plotted
as a function of concentration in Fig. 3.3.3. The value of 8
gradually increases with increasing concentration for both
the systems. PEG200 shows an increase from 5359.52 cm-
251 to 5377.70 cm2s1, whereas PEG300 reaches 5380.20
cm2s-1at 1.00% concentration. The molar sound velocity is
related to the Rao’s constant which is useful for the
information of the effective molecular association in liquid
mixtures [8, 53]. As the constant increases for Rao, it
shows an improvement in the molecular interactions and
molecular organization within the solution medium. The
non-linear variation also indicates that polymer-polymer
association is likely to have greater effect at higher
concentrations because of the increased polymer-solution

interaction [11, 54].

The change of Wada’s constant with concentration is
depicted in Fig. 3.3.4. As can be seen, Wada systematically
increases with the concentration of the solutions both for
PEG200 and PEG300. The 200 and 300 molecular weight

PEGs show a relative increase from 3026.56 cm dyne to

3037.68 cm dyne and the molecular weight PEG300 shows
a relatively higher increase from 3026.56 cm dyne to
3039.64 cm dyne respectively. The constant of Wada is a
function of the molar compressibility of the liquid system
and is often employed to explain the degree of packing and
compactness of the molecules in the liquid system [8, 13 &
55]. The increase in Wada’s constant indicates an increase
in the intermolecular cohesive forces and associated

molecular structure in the medium of cyclohexanone.

A comparison of the collective analysis of the adiabatic
compressibility, the acoustic impedance, Rao’s constant
and Wada’s constant clearly shows that there exist strong
intermolecular interaction between PEG molecules and
cyclohexanone [56-57]. The lower compressibility and the
higher acoustic impedance and the molecular constants
indicate the formation of low compressibility and highly
associated structures in the solution [32, 58]. The
interaction can be largely attributed to dipole-dipole
attraction and association via the hydrogen bonding of the
PEG ether oxygen atoms with the carbonyl group of
cyclohexanone [43, 59]. In addition, the polymer
interaction effects are also more pronounced for PEG300
than for PEG200 because of its higher molecular weight
and longer polymeric chain structure. These results are
consistent with those previously obtained by ultrasonic
studies of polymer-solvent systems and suggest important
data on the acoustical and structural properties of
solutions

polyethylene glycol in the cyclohexanone

medium [2, 12 & 30].
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4, CONCLUSIONS

In the present investigation, ultrasonic properties of
PEG200 and PEG300 in cyclohexanone solutions have
given valuable insights into the molecular interaction and
the molecular structure of PEG-solution. The systematic
change of the measured parameters in acoustical,
thermodynamical and physicochemical properties clearly
shows the strong intermolecular interaction between the
molecules of polyethylene glycol and the molecules of the
solvent, namely, cyclohexanone. The ultrasonic techniques
used were found to be very successful in the assessment of
the nature of molecular association and the changes in
molecular structure of the solution medium.

From the experimental results, it has been found that in
both systems (PEG200 and PEG300) the density, viscosity,
ultrasonic velocity, absorption coefficient, acoustic
impedance, internal pressure, viscous relaxation time,
Rao’s constant and Wada’s constant have increased
continuously with increasing concentration. Other
parameters like adiabatic compressibility and free volume,
on the other hand, gradually diminish with increasing
polymer concentration. These differences clearly suggest
better cohesive forces and better molecular packing and
greater structural compactness of the solution system. The
rise in ultrasonic velocity and acoustic impedance may
indicate better transmission of ultrasonic waves in a more
rigid and elastic medium and the fall in compressibility
indicates the formation of tightly associated molecular

structures. This increase in both viscosity and viscous

relaxation time further illustrates the presence of stronger

solute-solvent interactions and a decrease in molecular
mobility of the solutions. Likewise, the increase in internal
pressure reflects the increase in cohesive energy density
due to intermolecular forces between PEG molecules and
cyclohexanone. The reduction in free volume is observed
which favours the formation of compact molecular
arrangements as a result of the efficient interaction
between the molecules. These interaction effects are likely
to be dipole-dipole attraction and hydrogen bond
associated association between the carbonyl group of
cyclohexanone and the ether oxygen atoms of
polyethylene glycol.

In comparison to PEG200, PEG300 has comparatively
stronger interaction effects. The increased molecular
association and ordering in the solution medium can be
rationalized based on the higher molecular weight, longer
polymeric chain length and increased interaction
capability of PEG300 molecules. PEG300 has higher
viscosity, ultrasonic velocity, internal pressure, acoustic
impedance, Rao’s constant and Wada’s constant value,
which further confirms this conclusion.

The overall conclusion of present ultrasonic investigation
was that the role of concentration and molecular weight
are significant

in determining the acoustical and

thermodynamical behaviour of polyethylene

glycol
solution in cyclohexanone. The obtained results are in
good agreement with the previous studies related to
polymer-solvent interaction and provide useful data for

understanding the molecular dynamics and structural

features of the PEG based liquid systems. Thus, the study
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has demonstrated the suitability and applicability of
ultrasonic analysis as a potent and trustworthy method to
investigate intermolecular interactions in complex liquid
mixtures as well as polymer solutions.
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