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Excess molar enthalpies of binary mixtures containing
ethylene glycols or poly(ethylene glycols) + ethyl alcohol

at 308.15 K and atmospheric pressure
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Abstract

Excess molar enthalpies,HE
m, of binary mixtures containing ethylene glycols and poly(glycols) + ethyl alcohol were measured by a

flow microcalorimeter at 308.15 K and at atmospheric pressure over the whole composition range. Binary mixtures contain ethyl alco-
h thylene
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m ular weight
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ol + ethylene glycol, + di(ethylene glycol), + tri(ethylene glycol), + tetra(ethylene glycol), + poly(ethylene glycol)-200, + poly(e
lycol)-300, + poly(ethylene glycol)-400, + poly(ethylene glycol)-600. Effects of the molecular weight distribution (MWD), of the
er were investigated too, by preparing three additional samples of poly(ethylene glycol) with the same number average molec
Mn ≈ 300), but different MWD. For all mixtures, results were fitted to the Redlich–Kister polynomial.HE

m curves are asymmetrical, show
ositive values which vary from 280 J mol−1 (diethylene glycol + ethyl alcohol) to 1034 J mol−1 (mixture containing PEGs (200 + 400) + et
lcohol). Effects of changes in the glycols chain length and in MWD on the molecular interactions among the mixture compo
iscussed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, numerous studies have been carried out on
ixtures containing poly(ethylene glycols) (PEGs). PEG is
linear polymer of oxyethylene units with hydroxyl groups
t both chain-ends. Poly(ethylene glycol) has numerous uses

n biotechnology[1,2], in chemical partitioning[3–5], and
ost recently in extractive crystallization of inorganic salts

6]. Actually, the low toxicity of PEGs has favoured its usage
n the pharmaceutical, cosmetic and texile fields[7,8], and as
dditive in the production of films for food coating[9].
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The monomeric unit embodies a hydrophobic reg
( CH2 CH2 ) and a H-bonding site (O ), whereas end
groups are strongly hydrophilic. For shorter chains the
droxyl end-groups contribute significantly to the physical
chemical properties of PEGs, especially solubility[10] and
miscibility in blends[11], but their importance decreases
chain length is increased. At room temperature, low mo
ular weight PEGs are viscous fluids or waxy solids, w
larger molecular weights correspond to glassy polymers
hard crystalline solids. In the crystal, PEG chains are arra
in 72 helical structure (seven monomeric units for two tu
of the helix)[12] with an identity period of 2.0 nm[13]. In
aqueous solutions PEG chain conformation seems to de
on the molecular mass: PEG of large molecular mass re
its helical structure, with the hydrophobic methylene gro
inside the helix, whereas low molecular mass PEG disp
random coil conformation[14].
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In the present paper, excess molar enthalpies,HE
m,

have been measured for binary mixtures containing ethy-
lene glycol (EG), di(ethylene glycol) (DEG), tri(ethylene
glycol) (TEG), tetra(ethylene glycol) (TETG), PEG-200,
PEG-300, PEG-400, PEG-600, mix1 (PEG-300 + PEG-400),
mix2 (PEG-200 + PEG-400), and mix3 (PEG-200 + PEG-
600) + ethyl alcohol (EtOH).

PEG hydroxyl end groups can interact via strong H-
bonds, developing relatively extended networks of associated
molecules. Additional interactions stem from weak H-bonds
between methylenes and the O-atoms of the oxymethylene
units[15]. Interactions with the alcoholic groups of ethyl al-
cohol can perturb this H-bond network.

Some PEGs samples used in this work are mixtures of two
polymers with narrow molecular mass distribution (MMD).
The final samples display similar number average molar
masses but different MMD. Actually, the main purpose of
the present work is to investigate MMD effects on the excess
molar enthalpies,HE

m, of binary mixtures with ethyl alco-
hol and to correlate these effects with the type and strength
of molecular interactions. For a given set of different PEG
grades it is possible to modify the MMD of PEG samples
by mixing grades in different proportions. Samples can be
prepared with pre-selected values of the different moments
of the MMD, such as number or weight average molecular
m inary
m
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PL-caliber GPC software for the determination of the average
molecular masses and polydispersity of the polymer samples.

2.3. Sample preparation

PEG-200, PEG-300, PEG-400, and PEG-600 were ana-
lyzed by GPC and the number average,Mn (=

∑
NiMi /

∑
Ni),

and the weight average,Mw (= ∑
NiM

2
i /

∑
NiMi =∑

wiMi), molecular weights were determined. In the above
equalities,Ni is the number of moles of speciesi, having
molecular massMi , and weight fractionwi. A polydispersity
index was obtained as the ratioMw/Mn. For PEG-200Mn
was equal to 192 andMw/Mn to 1.16, for PEG-300Mn = 274
(Mw/Mn = 1.11), for PEG-400Mn = 365 (Mw/Mn = 1.10), and
for PEG-600Mn = 554 (Mw/Mn = 1.060).

To obtain PEG mixtures of similarMn (≈300) but dif-
ferent MMD, suitable amounts of these grades were mixed
and maintained at 50◦C under magnetic stirring for 30 min.
The average molecular masses of these polymeric mixtures
were subsequently determined by GPC and the compo-
nent amounts in each mixture were adjusted to obtain four
samples: mix1 (PEG-300, 600 g + PEG-400, 270 g), mix2
(PEG-200, 300 g + PEG-400, 700 g), and mix3 (PEG-200,
550 g + PEG-600, 550 g).Table 1reports values ofMn, and
Mw/Mn for these polymeric mixtures.
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asses. No data have been found in the literature on b
ixtures studied in this paper.

. Experimental

.1. Materials

Glycols were purchased from Aldrich while PEGs fr
luka, analytical grade≥99% and were used without furth
urification. PEG-200, PEG-300, PEG-400, and PEG
ere used to prepare three polymeric mixtures, as desc

ater. Ethyl alcohol was from Merck, analytical grade 99.
urities of the products were checked on a Hewlett-Pac
as chromatograph model 5890 by using an HP (cross-l
% ME siloxane) capillary column and the stated pur
ere confirmed. Before measurements chemicals wer
assed by ultrasound (ultrasonic bath, type 400, Hellma

an, Italy), kept in dark bottles, and dried over molec
ieves (Union Carbide, type 4A, 1/16 in. pellets).

.2. GPC analysis

A PL-GPC 110 (Polymer Laboratories) thermostated
em, equipped with three PL-gel 5�m columns (two mixed-D
nd one mixed-E) attached in series, was used. The an
ere performed at 35± 0.1◦C using THF as eluant at a flo

ate of 1 mL/min. A differential refractometer (Polymer La
ratories) was used as detector. The instrument was calib
ith a mixture of seven PEG standards (Polymer Labo

ies; molecular masses between 64 and 1450 Da) usin
.4. MALDI-TOF mass spectrometric analysis

To ascertain the purity of PEGs used in this work, MAL
OF mass spectrometric analysis (by using a Voyager
TR instrument from PerSeptive Biosystem) was undert
sing trans-3-indoleacrylic acid as a matrix. In the spe
omitted for brevity), only peaks corresponding to molec
f PEG di-hydroxy terminated H[O CH2 CH2]n OH
ationized with Na+ and K+, together with traces of PE
olecules cationized with H+, are present. No peaks due

mpurities are detected, so that the samples can be cons
ubstantially pure.

.5. Calorimetric measurements

The excess enthalpies,HE
m, were measured by a flo

sothermal calorimeter (LKB, model 2107, Producer A
romma, Sweden), which consists of a mixing cell, a
rence cell, a thermostatic water bath, a data acquisition
nd two liquid burettes (ABU Radiometer, Copenhagen, D
ark). The water bath controls the temperature of the

ink where the mixing cell, reference cell, and thermoele
ensors are located. The temperature of the bath is cont
o within ±0.01 K. The pure components are pumped
he mixing cell at selected flow rates. The component m
ractions in the mixed stream were calculated from de
ies and volumetric flow rates of components 1 (Glycol
EGs) and 2 (ethyl alcohol). The total flow rates are
lly kept at about 0.4 cm3 min−1, but, in dilute regions, th
otal flow rates may increase up to 0.8 cm3 min−1. Details
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Table 1
Number average,Mn, Mw/Mn, and densities,ρ, of pure components at 308.15 K and comparison with literature data

Component Mn Mw/Mn ρ (g cm−3)

Experimental Literature

Ethylene glycol 62.07 1.10293 1.10294[19]
Di(ethylene glycol) 106.12 1.10565 1.10557[20]
Tri(ethylene glycol) 150.17 1.11209 1.11209[20]
Tetra(ethylene glycol) 194.23 1.11228 1.11228[19]
PEG-200 192 1.16 1.11284 1.11243[20]
PEG-300 274 1.11 1.11358 1.11328[20]
PEG-400 365 1.10 1.11413 1.11372[19]
PEG-600 554 1.06 1.11396
Mix1 (PEG-300 + PEG-400) 296 1.15 1.11398
Mix2 (PEG-200 + PEG-400) 295 1.22 1.11393
Mix3 (PEG-200 + PEG-600) 290 1.51 1.11386
Ethyl alcohol 46.07 0.77641 0.77641[21]

and operating procedure of the apparatus have been reported
elsewhere[16,17]. The accuracy of the reportedHE

m values
in this study was verified by measurements on three standard
systems, cyclohexane + hexane, benzene + cyclohexane, and
methanol + water at 298.15 K that are known in the literature
[18]. Agreement with literature data was better than 0.5%
at the maximum of the thermal effect. Uncertainties inHE

m
and in molar fractionsx1 of ethylene glycols and PEGs are
estimated to be less than 1% and 2× 10−4, respectively.

Densities,ρ, of pure compounds were measured using a vi-
brating tube density meter (Anton Paar, model DMA 60/602,
Graz, Austria), thermostated at (308.15± 0.01) K by a cir-
culating external bath (Heto, type DTB 623, Copenhagen,
Denmark) and are reported inTable 1in comparison with lit-
erature data[19–21]. The density uncertainty was estimated
to be±1.5× 10−5 cm−3.

3. Correlation of the calorimetric data

TheHE
ms were obtained from the following relationship:

HE
m = [I2R(E/Ec)]/f (1)

whereI andRare the electrical current and resistance in the
electrical calibration experiments,E, andEc are the voltage

readings for measurements and electrical calibration, respec-
tively, andf is the molar flow rate of the mixture.

The molar flow ratefi of the ith component flowing into
the mixing cell is obtained from the formula:

fi = ρiVi/Mi (2)

whereρi andMi are the density and molar mass, respectively,
andVi is the volumetric flow rate of componenti.

Each set of experimental values ofHE
m was fitted to a

Redlich–Kister polynomial of the type:

HE
m = x1x2

∑

k≥0

ak(x1 − x2)k (3)

an unweighted least-squares method, wherex1, x2 are the
molar fractions of glycols or PEGs (component 1) and com-
ponent 2, whereasak are adjustable parameters. Theak val-
ues are given inTable 2together with the standard deviation
σ(HE

m) defined as

σ(HE
m) = |φmin/(N − n)|0.5 (4)

whereN andn are the number of experimental points and of
parameters, respectively andφmin is the minimum value of

T
L (3), for g
g ponen

M 2

E 842.7
D 391.7
T 1316.8
T 877.8
P 984.1
P −66.0
P 2250.4
P 5507.1
M 1591.3
M 1651.4
M 1604.9
able 2
east-squares parameters,ak, Eq. (1), and standard deviations,σ(HE

m), Eq.
lycols and poly(ethylene glycols) (component 1) + ethyl alcohol (com

ixture a0 a1 a

G + EtOH 2165.3 −448.4
EG + EtOH 1080.2 −366.3
EG + EtOH 2503.3 −147.1
ETG + EtOH 3019.0 −109.8
EG-200 + EtOH 2257.3 −90.6
EG-300 + EtOH 2897.0 −918.6
EG-400 + EtOH 3705.5 −1293.0 −
EG-600 + EtOH 4973.4 −2520.7 −
ix1 + EtOH 3985.1 −391.1
ix2 + EtOH 4085.4 −465.4
ix3 + EtOH 3901.3 −20.3
experimental excess molar enthalpies,HE
m, of binary mixtures containin

t 2) at 308.15 K

a3 a4 σ(HE
m) (J mol−1)

−152.1 2.8
−146.5 1.8
−777.7 4.9

−1612.2 4.2
−2274.5 5.2
−1998.7 2415.5 7.4
−2221.0 6603.2 7.5
−2138.5 10930.9 8.3
−3030.9 7.0
−2834.8 8.1
−3659.9 6.3
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Fig. 1. Experimental excess molar enthalpies,HE
m, for binary mixtures of

glycols (1) + ethyl alcohol (2) at 308.15 K. (�), (�), (�), (�) refer to mix-
tures containing ethylene glycol, diethylene glycol, triethylene glycol, and
tetraethylene glycol respectively. Solid curves, Redlich–Kister equation.

the objective functionφ defined as

φ =
N∑

k=1

ξ2
k (5)

whereξk = HE
m,calcd− HE

m; HE
m is the experimental value and

HE
m is evaluated by Eq.(3).

4. Results and conclusions

ExperimentalHE
m’s are represented inFigs. 1–3together

with the calculated values,HE
m,calcd (solid lines), evaluated

from Eq.(3).
As can be seen from Figures, allHE

m’s are positive due
to the high association of the ethyl alcohol, whose hydrogen

F f
P s
c . Solid
c

Fig. 3. Experimental excess molar enthalpies,HE
m, for binary mixtures of

mixtures of PEGs (1) + ethyl alcohol (2) at 308.15 K. (�), (�), (�) refer to
mixture mix1 (PEGs 300 + 400), mix2 (PEGs 200 + 400), and mix3 (PEGs
200 + 600), respectively. Dashed line refers to mixture containing PEG-300
as comparison. Solid curves, Redlich–Kister equation.

bonds must be broken in the formation of the mixture.HE
m

decreases with the increase of molecular weight both for gly-
cols and PEGs, a trend which is in a direction contrary to the
one observed for the same glycols and PEGs with different
solvents[22–24].

The influence of PEGs polydispersivity onHE
m is stressed

in Fig. 3and, again, cannot compare with that resulting from
mixtures with other solvents.

Clearly, the apparently anomalous behaviour of the mix-
tures containing ethyl alcohol is due just to the peculiar
properties of that alcohol. The strong interactions among
alcohol molecules leave unchanged some associations dur-
ing mixing with the second component. Thus, interactions
of E12 type between dissimilar molecules occur between
PEGs and the residual alcohol associates rather than between
PEGs and single alcohol molecules. This point of view is
assumed elsewhere to explain for example the complex be-
haviour of ethanol in ternary mixtures[24] or to justify the
mole interactions between short chain alcohol and polymers
[25]. Following these lines, the results shown inFigs. 1–3,
where longer chains of glycols or PEGs lead to smallerHE

m
values, may be due to a decrease of interaction between
alcohol and solvent, as the chain is able to shield the O
atoms more and more when its molecular size is increased.
Different behaviour would be observed if single molecules
o ith
t Gs.
S e ex-
c
t s
a

c rich
r tes is
l

ig. 2. Experimental excess molar enthalpies,HE
m, for binary mixtures o

EGs (1) + ethyl alcohol (2) at 308.15 K. (�), (�), (�), (�) refer to mixture
ontaining PEG-200, PEG-300, PEG-400, and PEG-600, respectively
urves, Redlich–Kister equation.
f alcohol were available, owing to their interactions w
he increasing number of O atoms in glycols and PE
inceE12 decreases as the size of solvent increase, th
ess molar enthalpy,HE

m ≈ E11 + E22 − 2E12, whereEij is
he interaction energy between moleculesi and j, increase
ccordingly.

Moreover,Fig. 2 shows that the increase ofHE
m with in-

reasing PEG molecular weight is larger in the alcohol
egion where, most probably, the size of alcohol associa
arger.
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Only ethylene glycol is excluded from the behaviour just
described, being itsHE

m larger than the one of diethylene
glycol, and a possible interpretation of this result may be the
larger value ofE11 interaction energy.
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