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The coexistence curves of the liquid-liquid equilibria (LLE) for systems of dimethylformamide (DMF) with
hexane, heptane, octane, or nonane and of dimethylacetamide (DMA) with heptane have been determined visually.
All the curves show an upper critical solution temperature (UCST) and have a rather horizontal top. The measured
LLE curves for DMF mixtures show that their symmetry depends on the size of the alkane. For a given alkane,
the UCST is higher for systems with DMF. This reveals that dipole-dipole interactions between amide molecules
are stronger in such solutions. The DISQUAC model represents fairly well the LLE curves.

Introduction

We are engaged in a systematic investigation on the ther-
modynamic properties of mixtures containing a compound with
a very high dipolar moment in gas phase (µ), such as sulfolane1,2

(µ ) 16.04‚10-30 C‚m3); dimethyl sulfoxide4 (µ ) 13.54 10-30

C‚m3); 1-methylpyrrolidin-2-one5,6 (NMP; µ ) 13.64‚10-30 C‚
m‚D3); N,N-dialkylamides6,7 (DMF, µ ) 12.28‚10-30 C‚m;8

DMA, µ ) 12.37‚10-30 C‚m8); N-alkylamides8 or propylene
carbonate (µ ) 16.49‚10-30 C‚m‚D3).

Amides, amino acids, peptides, and their derivatives are of
interest because they are simple models in biochemistry.
N-Methylformamide (NMF) possesses the basic (-CO) and
acidic (-NH) groups of the very common, in nature, peptide
bond.10 So, proteins are polymers of amino acids linked to each
other by peptide bonds. Cyclic amides are also of importance
due to they are related to structural problems in biochemistry.
Consequently, the understanding of liquid mixtures involving
the amide functional group is necessary as a first step to a better
knowledge of complex molecules of biological interest.11 For
example, the aqueous solution of DMF is a model solvent
representing the environment of the interior of proteins.
Moreover, DMF and NMP are used as highly selective extrac-
tants for the recovery of aromatic and saturated hydrocarbons
from petroleum feedstocks.12

From a theoretical point of view, amides are also a very
interesting class of compounds. In pure liquid state, they present
a significant local order13 as their quite high heats of vaporization
indicate.14 In the case ofN,N-dialkylamides, this is due to the
dominance of the general dipole-dipole interactions,13 which
can be ascribed to their very high effective dipole moments7

(µj), a useful magnitude to examine the impact of polarity on
bulk properties.7,15For primary and secondary amides, their self-
association via H-bonds must be also taken into account.13,16

As a continuation of our investigations on mixtures involving
amides,5-7,9 we report here LLE curves for DMF with hexane,
heptane, octane, or nonane and for DMA with heptane. LLE
data for DMF with decane,17 hexadecane,18 methylcyclohex-
ane,19 or 2-methylpentane20 and for DMA with n-alkanes21-26

(from pentane to nonane) are available in the literature. Results

for the DMA + heptane system from different laboratories23,26

differ substantially.

Experimental Section

Materials. DMF (purissg 99.5 %), DMA (purissg 99 %),
hexane (puriss p.a.g 99.5 %), heptane (puriss. p.a.g 99.5 %),
octane (purumg 99 %), and nonane (purumg 99 %) were
from Fluka (purities expressed in mass fraction). Prior to the
measurements, the chemicals were stored over molecular sieves
(Union Carbide Type 4Å from Fluka). All these chemicals were
used without other further treatment. The densitiesF at 298.15
K and atmospheric pressure were in good agreement with
literature values (Table 1). The water contents, determined by
the Karl Fischer method, were as follows (in mol %): 0.01,
0.02, 0.01, 0.02, 0.02, and 0.004 for DMF, DMA, hexane,
heptane, octane, and nonane, respectively.

Apparatus and Procedure.Mixtures were prepared by mass,
with weighing accurate to( 0.00001 g, in Pyrex tubes of 0.9
cm i.d. and about 4 cm length, which then were immediately
sealed by capping at atmospheric pressure and room tempera-
ture. Conversion to molar quantities was based on the relative
atomic mass table of 1985 issued by IUPAC in 1986.27

The coexistence curves of the binary mixtures were deter-
mined visually.28-30 The samples in the sealed Pyrex tubes were
placed in a thermostat bath a few hundredths of degree above
the expected temperature, and the appearance of a second phase
upon slow cooling (1.2 K‚h-1) was noted. The separation
temperatures were reproducible to( 0.02 K for temperatures
near the upper critical solution temperature. The precision of
the equilibrium composition is expected to be better than 0.0005
in mole fraction. The weighing technique gives a precision better* Corresponding author e-mail: jagl@termo.uva.es.

Table 1. Density,G, of Pure Compounds at 298.15 K and
Atmospheric Pressure

F/g‚m-3

compound this work literature

dimethylformamide 0.943875 0.943873

dimethylacetamide 0.936214 0.9363373

hexane 0.655248 0.654843

heptane 0.679627 0.679463

octane 0.698636 0.698623

nonane 0.714064 0.713753
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than 0.0001 in mole fraction, but this is reduced slightly due to
partial evaporation of the more volatile component to the free
volume of the ampule (≈1.17 cm3).

The temperature was measured with a precision of( 0.01 K
and estimated accuracy of( 0.1 K by a Hewlett-Packard model
2804A quartz thermometer calibrated on the basis of the ITS-
90 scale of temperature using the triple point of the water.

Results

Table 2 lists the direct experimental results of the liquid-
liquid equilibrium temperatures,T, versus the mole fraction of
the amide,x1, for the investigated mixtures (see also Figures 1
and 2). All the systems show an UCST. LLE coexistence curves
have a rather horizontal top, and their symmetry depends on
the size of the alkane (Figure 1).

The coordinates of the critical points,x1c andTc (Table 3),
were obtained by reducing the experimental data with31,32

where

In eqs 1 to 3,m, k, R, Tc, and x1c are the coefficients to be

fitted to the experimental results. WhenR ) 1, eq 1 is similar
to the well-known equation:15,33,34

where∆λ1 ) λ1′ - λ1′′ is the so-called order parameter, which
can be any density variable in the conjugate phase (in our case
λ1 ) x1), τ is the reduced temperature (Tc - T)/Tc, andâ is a
critical exponent corresponding to this order parameter. Theâ
value depends on the theory applied to its determination.33,34

More details are given elsewhere.35

The fitting was developed using the Marquardt algorithm36

with all the points weighted equally. Results are collected in
Table 3. Also listed is the standard deviation defined by

whereN and n stand for the number of data points and the
number of fitted parameters, respectively. We note that eq 1
fits well the experimental data. For the DMA+ heptane system,

Table 2. Experimental Liquid-Liquid Equilibrium Temperatures
for N,N-Dialkylamide (1) + n-Alkane (2) Mixtures

x1 T/K x1 T/K x1 T/K

Dimethylformamide (1)+ n-Hexane (2)
0.2958 335.24 0.4827 337.78 0.5754 337.52
0.3607 336.91 0.4852 337.60 0.5843 337.21
0.3818 337.24 0.5038 337.59 0.6173 336.71
0.4106 337.53 0.5268 337.83 0.6336 336.43
0.4503 337.73 0.5285 337.59 0.6547 335.64
0.4626 337.76 0.5342 337.78 0.6999 333.32
0.4745 337.58 0.5430 337.61

Dimethylformamide (1)+ n-Heptane (2)
0.2648 336.67 0.4472 342.33 0.6181 342.22
0.3056 338.74 0.4880 342.48 0.6457 341.55
0.3529 340.56 0.5092 342.63 0.6915 340.28
0.3693 341.15 0.5446 342.56 0.6916 340.42
0.4034 341.76 0.5775 342.37 0.7489 337.31
0.4243 342.08 0.5984 342.30

Dimethylformamide (1)+ n-Octane (2)
0.3619 344.71 0.4822 347.31 0.6045 347.34
0.3840 345.68 0.5062 347.18 0.6244 347.18
0.4016 346.12 0.5188 347.35 0.6748 346.78
0.4394 346.92 0.5502 347.26 0.7099 345.93
0.4581 346.91 0.5839 347.31 0.7132 345.99
0.4618 347.01 0.6012 347.35 0.7425 344.66
0.4803 347.11 0.6019 347.34

Dimethylformamide (1)+ n-Nonane (2)
0.4144 350.31 0.5702 352.71 0.6788 352.41
0.4235 350.58 0.5720 352.66 0.6952 352.22
0.4555 351.44 0.5829 352.63 0.7081 351.98
0.4961 352.20 0.5974 352.71 0.7417 351.31
0.5138 352.39 0.5979 352.61 0.7471 351.12
0.5239 352.54 0.6276 352.58 0.7731 350.06
0.5516 352.66 0.6559 352.56 0.7967 348.67
0.5550 352.77 0.6687 352.55

Dimethylacetamide (1)+ n-Heptane (2)
0.2235 305.20 0.4505 309.58 0.5949 309.08
0.2804 307.77 0.4988 309.69 0.6210 308.89
0.2970 308.07 0.5000 309.75 0.6517 308.17
0.3304 309.12 0.5327 309.48 0.6769 307.20
0.3578 309.40 0.5610 309.59 0.6913 306.52
0.3633 309.33 0.5741 309.43 0.7547 301.82
0.3974 309.46 0.5786 309.47

T/K ) Tc/K + k|y - yc|m (1)

y )
Rx1

1 + x1(R - 1)
(2)

yc )
Rx1c

1 + x1c(R - 1)
(3)

Figure 1. LLE of DMF (1) + n-alkanes (2) mixtures. Points, experimental
results (this work):b, n-hexane;9, n-heptane;2, n-octane;1, n-nonane.
Solid lines, DISQUAC calculations with interaction parameters from the
literature7 for systems with hexane, heptane, or nonane.

Figure 2. LLE of DMA (1) + n-heptane (2) mixture. Points, experimental
results: b, this work; O, ref 23; 9, ref 26. Solid lines, DISQUAC
calculations with interaction parameters from the literature.7

∆λ ) Bτâ (4)

(σ(T)/K) ) [∑(Ti
exp - Ti

cal)2/(N - n)]1/2 (5)
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we obtainx1c ) 0.476 andTc ) 309.64 K in good agreement
with the values reported by Xuequin et al.23 (x1c ) 0.473 and
Tc ) 309.827 K) and very different from those given by
Marongiu26 (x1c ) 0.49 andTc ) 358.6 K) (see Figure 2).

Discussion

For DMF systems, the UCST of the studied systems increases
with the length chain of then-alkane (Figure 3). The same
behavior is observed in mixtures formed byn-alkane with,
DMA,21-25 NMP5 (Figure 3), linear alkanone,37 linear organic
carbonate,38 acetic anhydride;39 alkoxyethanol,35,40,41or poly-
ether.42,43Figure 1 shows that the LLE curves are progressively
skewed to highx1 values when the chain length of the alkane
increases. A similar trend is encountered for many other
mixtures.21-25,35,37,38,40-43

For a fixedn-alkane, we note that UCST (DMA)< UCST
(DMF). That is, dipole-dipole interactions between amide
molecules are stronger in the case of the DMF. This is supported
by the fact thatµj(DMF) ) 1.60 > µj(DMA) ) 1.49.7 For the
same reason, dipolar interactions are also stronger in NMP

mixtures (µj(NMP) ) 1.59). Here, it should be also taken into
account that in cyclic molecules the polar groups are less
sterically hindered and dipole-dipole interactions between such
molecules become stronger.

In previous papers,6,7 we have determined, in the framework
of DISQUAC,44 the interaction parameters for mixtures includ-
ing DMF, DMA, diethylformamide (DEF), or dimethylpropana-
mide (DMPA) and different organic solvents (alkanes, benzene,
toluene, alcohols). Here, we have used our LLE data, and those
available in the literature that are consistent with them,21-25 in
order to re-adjust the first dispersive interaction parameters of
systems containing DMA, DMPA, or DEF (Table 4). The
remainder interaction parameters are the same to those reported
in previous works.6,7 Details of the fitting procedure have been
elsewhere and will not be repeated here.6 DISQUAC predictions
on the coordinates of the critical points for the studied systems
are shown in Table 3 (see also Figures 1 and 2). It should be
noted that the theoretical calculations on the LLE are developed
under the basic and wrong assumption that the molar excess

Table 3. Coefficients in Equation 1 for the Fitting of the (x1, T)
Pairs Given in Table 2 for N,N-Dialkylamide (1) + n-Alkane (2)
Mixturesa

Nb m K R Tc/K x1c σ/K

Dimethylformamide (1)+ n-Hexane (2)
20 3.30 -862 0.608 337.69 0.494 0.10

(342.7) (0.453)

Dimethylformamide (1)+ n-Heptane (2)
17 2.78 -289 0.813 342.55 0.524 0.07

(348.2) (0.504)

Dimethylformamide (1)+ n-Octane (2)
20 3.52 -849 0.820 347.30 0.558 0.08

(355.6) (0.556)

Dimethylformamide (1)+ n-Nonane (2)
23 2.97 -370. 0.744 352.67 0.600 0.06

(361.8) (0.595)

Dimethylacetamide (1)+ n-Heptane (2)
20 3.46 -598 0.889 309.64 0.476 0.10

(315.7) (0.431)

a σ is the standard deviation defined by eq 5. DISQUAC values for the
coordinates of the critical points,Tc andx1c, calculated using the interaction
parameters from the literature7 and from Table 4 are given in parentheses.
b Number of experimental data points.

Table 4. Dispersive (DIS) and Quasichemical (QUAC) Interchange Coefficients (l ) 1, Gibbs energy; l ) 2, enthalpy, l ) 3, heat capacity) for
(s,n) Contacts in Tertiary Amide + Organic Solvent Mixtures

systema contact (s,n)b Csn,1
DIS Csn,2

DIS Csn,3
DIS Csn,1

QUAC Csn,2
QUAC Csn,3

QUAC

DMA, DMPA, or DEF + n-Cn (n e6) (a,n) 4.75 12.0 2 8 6 2
DMA, DMPA, or DEF + n-Cn (n g 7) (a,n) 4.4 12.0 2 8 6 2
DEA + n-Cn (n e 6) (a,n) 4.75 10.3 2 8 6 2
DEA + n-Cn (n g 7) (a,n) 4.4 10.3 2 8 6 2
DMA, DMPA, or DEF + c-Cn (c,n) 4.85c 12.75 2 8 6 2
DMA + C6H6 (b,n) 2.4c 7.55 3.55 5 0.8 2
DMPA + C6H6 (b,n) 2.55c 7.12 3.55 5 0.8 2
DEF + C6H6 (b,n) 2.55 7.4 3.55 5 0.8 2
DMA + C7 H8 (p,n) 2.2c 7.33 3.55 5 0.8 2
DMPA + C7H8 (p,n) 2.4c 6.70 3.55 5 0.8 2
DEF + C7H8 (p,n) 2.4c 7.15 3.55 5 0.8 2
DMA + methanol (h,n) -3.2 5 7 -0.75 -2.2 -3
DMA + ethanol (h,n) -1.7 8.6 7 -0.75 -1.52 -3
DMA + 1-propanol (h,n) -1.7c 10 7 -0.75 -1.52 -3
DMA + 1-butanol (h,n) -1.7c 11 7 -0.75 -1.52 -3
DMA + 2-propanol (h,n) 1.5c 10 7 -0.75 -1.52 -3
DMA + 2-butanol (h,n) 1.5c 11 7 -0.75 -1.52 -3

a DMA, dimethylacetamide; DMPA, dimethylpropanamide; DEF, diethylformamide.b s ) a, H, CH3, or CH2 in n-alkanes, methylcyclohexane, toluene,
alkanols, or amides; s) b, C6H6; s ) c, c-CH2 in cyclohexane; s) h, OH in alkanols; s) p, C6H5 in toluene; n, N-CO in linear tertiary amides.
c Estimated values.

Figure 3. Upper critical solution temperatures (Tc) vs n, the number of
carbon atoms in then-alkane, for some amide+ n-alkane mixtures. Values
for systems with DMA were taken from refs 21 to 25. For NMP mixtures,
see ref 5. Values for DMF+ n-decane or+ n-hexadecane were taken from
refs 17 and 18, respectively.
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Gibbs energy is an analytical function close to the critical point.
This is an important shortcoming of any mean field theory, such
as DISQUAC. In accord with the mentioned assumption, the
model provides LLE curves, which are too high at the UCST
and too low at the LCST (lower critical solution tempera-
ture).15,45 So, the calculated UCSTs are higher than the
experimental values.1,5,7,39Nevertheless, the coordinates of the
critical points are represented in the correct range of temperature
and composition (Table 3). The more rounded shape of the
theoretical LLE curves (Figures 1 and 2) can be explained in
similar terms as above.7

Conclusions

LLE coexistence curves were determined for mixtures of
DMF with hexane, heptane, octane, or nonane and for DMA
with heptane. For a given alkane, the UCST is higher for
mixtures containing DMF. Dipolar interactions decrease in the
sequence: DMF> NMP > DMA.
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