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Effect of Temperature on W-Shaped Excess Molar 
Heat Capacities and Volumetric Properties: 
Oxaalkane-Nonane Systems 

C. A. Tovar,'  E. Carballo,' C. A. Cerdeirifia, I j .  L. Legido, i and 
L. Romani ~'-~ 
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Excess molar volumes vii , of the mixtures diglyme (2,5,8-trioxanonane: TON ), 
triglyme (2,5,8,1 I-tetraoxadodecane: TODD), or tetrag[yme 12.5,8.11,14-pen- 
taoxapentadecane: POPD: El81 ) +n-nonane have been obtained from density 
measurements at 278.15, 288.15,298.15, and 308.15 K. In addition, a micro DSC 
It difl'erential scanning calorimeter was used to obtain excess molar heat 
capacities CII at constant pressure for the same mixtures except for TON + 
n-nonane and at the same temperatures except tbr 278.15 K. These results 
altowed us to calculate the following mixing quantities in the complete range of 
concentration: ~. (Ol.'ll,/OT),,, and (OH':/~p)r at 298.15 K. The excess molar 
volumes are positive with large maximum wdues located in the central concen- 
tration range with the exception of POPD +n-nonane at 278.15 K, which has 
a central miscibility gap. For these mixtures, (2q~i has a W-shaped concentration 
dependence: two minima separated by a maximum. 

KEY WORDS: density; excess properties: molar heat capacity: nonane: 2.5,8. 
I 1,I 4-pentaoxapentudecane: 2,5,8, I I-tetraoxadodecane: 2.5,8-trioxanonane. 

1. I N T R O D U C T I O N  

In p r e v i o u s  w o r k s  [ 1 - 3 ] ,  we h a v e  s t u d i e d  the  v o l u m e t r i c  b e h a v i o r  o f  s o m e  

m i x t u r e s  C H 3 0 ( C H 2 C H , O ) , C H 3  (v = 1, 2, 3, 4)  ( p o l y o x y e t h e n e g l y c o l  

d i m e t h y l  e t h e r s ;  a l so  ca l l ed  g l y m e s )  + a l k a n e  ( h e p t a n e  o r  c y c l o h e x a n e ) .  

T h e  a i m  of  t he  p r e s e n t  w o r k  is to  s t u d y  the  effect of  t he  s y s t e m a t i c  v a r i a -  

t i on  o f  t he  c h a i n  l e n g t h s  o f  b o t h  c o m p o n e n t s  o n  the  excess  t h e r m o d y n a m i c  
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properties as well as their temperature dependence. We also investigate the 
behavior of the excess molar heat capacities C]~ around the upper critical 
solution temperature (UCST). As a first step, we have measured the 
densities for diglyme (2,5,8-trioxanonane, TON), triglyme (2,5,8,11-tetra- 
oxadodecane; TODD), or tetraglyme (2,5,8,11,14-pentaoxapentadecane, 
POPD) + n-nonane at 278.15, 288.15, 298.15, and 308.15 K. We also report 
molar isobaric heat capacities C r for TODD or POPD +n-nonane at 
288.15, 298.15, and 308.15 K. These results have allowed us to calculate 
excess molar volumes V~,, C~, and the following values at 298.15 K: 
thermal expansivity ~, (OV~,/~3T)p, and (OHE/Op)T; these quantities are 
related to randomness or nonrandomness in oxaalkane-alkane mixtures. 

2. EXPERIMENTAL PROCEDURE 

2.1. Materials 

n-nonane and TODD were supplied from Aldrich (puriss, > 99 mol %; 
TON was from Fluka (puriss; >99.5 mol%), and POPD was from Merck 
(zur Synthese; >98 mol%). 

The chemicals were all partially degassed; some of them were dried 
over Fluka type 4-mm molecular sieves and, otherwise, used as supplied. 

2.2. Equipment 

Densities of the pure liquids and their mixtures were measured with a 
vibrating-tube densimeter (Kyoto Electronics). The vibrating-tube tem- 
perature was maintained to better than +0.01 K with a Hetotherm PF-CB 
II thermostat. The experimental technique has been described previously 
[4]. Mole fractions were determined through weighing. The precision of 
the density measurements was +0.00001 g .cm -3, and that of the mole 
fractions +0.00005. 

Molar heat capacities Cp were measured at atmospheric pressure with 
a programmable differential temperature scanning calorimeter (micro DSC 
II, SETARAM, France). This apparatus has been described briefly else- 
where [5]. During an isobaric heat capacity measurement, the sample 
liquid, x, fills the measuring cell, and the reference liquid of known heat 
capacity, n-heptane [6] in our measurements, fills the reference cell. The 
calibration of the instruments is then performed in two runs: in the first 
run, the measuring cell is empty (E) and the reference cell is filled with 
n-heptane; in the second run, both cells are filled with n-heptane. To obtain 
the average differential calorimetric area of both measurements, the tem- 
perature is programmed linearly at a rate of 0.2 K/min in difference steps 
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of 1 K for both increasing and decreasing temperatures, this temperature 
increment is centered, respectively, at 288.15, 298.15, and 308.15 K. 

Following this procedure isobaric heat capacities are obtained from 

Cp.,. =-- C,Prcf/" flref Sx-rcf-- SE-rcf 

P,: Srcf-rcf- SE.re I- 
(1) 

where S,..r~r is the differential calorimetric area when the measuring cell is 
filled with the sample liquid and the reference cell with n-heptane, Sre~:rr is 

Table I. Densities p and Molar Heat Capacities Cp for Pure Components 

Substance 

p(g,cm -~) Cp(J.K -I .tool -~) 

TI K ) This work Literature This work Literature 

TON 

TODD 

POPD 

C,~ H 2~ 

278.15 0.95834 
288.15 0.94859 
298.15 0.93872 

308.15 0.92868 

278.15 0.99953 
288.15 0.99015 
298.15 0.98064 

308.15 0.97115 

278.15 1.02410 
288.15 1.01484 
298.15 1.00566 

308.15 0.99634 

278.15 0.72945 
288.15 0.72179 
298.15 0.71409 

308.15 0.70626 

0.94866[2] 
0.9387212], 

0.93870[7], 
0.93882[8], 
0.93892[9] 

0.92870[2] 

0.99028[2] 
0.9807912], 

0.98042[10], 
0.98001[11], 
0.98117[12], 
0.98o0o[13] 

0.97127112] 

1.015o212] 
1.0056912], 

1.00651[17], 
1.00662111], 
1.00627112] 

0.99642[2] 

0.71400118], 
0.71391114], 
0.71392119], 
0.71389[20] 

0.70642118], 
0.70596121] 

368.64 
369.52 

370.90 

458.48 
459.03 

460.34 

280.01 
284.41 

288.95 

367.78[14], 
367.30115], 
366.58116] 

457.1014] 

284.551221, 
284.34114] 
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the differential calorimetric area when both cells are filled with n-heptane, 
and SE.rr is the differential calorimetric area when the measuring cell is 
empty and the reference cell is filled with n-heptane. Under these condi- 
tions, the precision of the excess molar  heat capacity value C~ was 
estimated to be • 0.05 J-  mol - ~ - K - ~ [ 5 ]. 

3. RESULTS A N D  D I S C U S S I O N  

Experimental densities p and molar  heat capacities Cp of the pure 
liquids at several temperatures and at atmospheric pressure, as well as 
some literature values, are reported in Table I. The experimental densities 
of the mixtures (Table II) were fitted as a function of the mole fraction and 
the temperature to a polynomial  of the form 

5 3 

1/p=Z Z 
i = l  / = 1  

A./10 i 1 ~ " - t ( T -  To) ~-i (2) 

where p is in g.  cm - 3, x is the mole fraction of the glyme, T is temperature 
in K, and To = 278.15 K. The experimental excess molar volumes VI~ , (also 
in Table II)  were determined from the densities of the pure liquids and 
their mixtures. They were fitted as a function of the mole fraction and tem- 
perature to a polynomial  of the form 

5 3 
V ' ~ - - x ( l - x )  Z , , ,  E 

i = 1  ] = 1  

BijlO I J ( 2 x - 1 )  i t ( T - T ( ) ) /  I (3) 

where V~, is in cm -~. tool ~ and T is in K. The coefficients Ai~ and B(j and 
the standard deviations, given in Table III ,  were obtained by an optimiza- 
tion process, which employed Marquardt ' s  algorithm [23].  Figures 1-3 
show the experimental excess molar  volumes and the fitted curves 
Vl~:(x, T). The excess molar  volumes are positive and parabolic. The V~, 
values decrease when the length of the glyme chain increases and are 
positive for all systems. The mixture P O P D  + n-nonane system has a cen- 
tral miscibility gap at 278.15 K; thus its UCST must take values between 
278.15 and 288.15 K. However, the system T O D D  + n-nonane has a total 
miscibility at 278.15 K. The excess molar  volumes for P O P D  + n-nonane at 
298.15 K determined in this work agree closely with those obtained by 
Trejo et al. [ 19]. 

The values of ~ for pure liquids at 298.15 K obtained by analytical 
differentiation of Eq. (2) are given below: ~ . . . . . . .  = l . 0 8 7 x 1 0 - 3 K - ~ ,  
aVON ----1-062 x10  - 3 K  - I , 0~voDD=0 .968x10  3 K - i ,  a n d ~ p o p D = 0 . 9 2 2 x  
10 ~ K ~. The literature values are , ......... = 1.088x 10 -3 K -~ [24]  and 
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Fig. I. Excess molar volumes V~I , for {xTON + 
(I - x ) n - n o n a n e }  at 278.15 K (O),  288.15 K (11), 
298.15 K (A) ,  and 308.15 K ( * ) .  ( ) Calcul- 
ated from Eq. (3). 
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Fig. 2. Excess molar volumes VI~ , for {xTODD + 
(1 --.x-)tl-nonane} at 278.15 K (Q) ,  288.15 K (11), 
298.15 K i&),  and 308.15 K (O).  ( } Calcul- 
ated from Eq. 131. 
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/E Fig. 3. Excess molar volumes I,,, for {xPOPD + 
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Fig. 4. Thermal expansivities cr calculated from 
Eq.(2) at 298.15K: (a) { x T O N + ( 1 - x ) n -  
nonane}; (b) {.vTODD+(1 -x)n-nonane}:  
(c) {xPOPD +(I  - x )  n-nonane}. 
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Table IV. Experimental Excess Molar Heat Capacities C~ ~ for 
{xCH.~O{CH2CH2OI,.CH 3 +(1 -x)CH~{CH2)TCH:~ } (v=  3, 4) 

771 

T: 288.15 K T: 298.15 K T: 308.15 K 

x ( J - m o l - I . K  - l )  x ( J . m o l - t . K  - I )  x ( J . m o l - i . K  1) 

xCH30(CH2CH20)3CH 3 +(1 -x)CH:~(CH2)TCH 3 

0.05081 -0 .93 0.04788 -0.74 0.05081 -0.87 
0.09922 - 1.04 0.09904 - 1.21 0.09922 - 1.36 
0.19865 -0 .06 0.14854 -0.98 0.19865 - I . 0 0  
0.24858 1.03 0.19685 - 0.63 0.24858 -0.47 
0.30138 1.41 0.24840 -0.02 0.30138 -0.32 
0.39745 2.18 0.29470 0.29 0.39745 0.05 
0.51240 2.45 0.34557 0.69 0.51240 0.29 
0.59715 1.74 0.39600 1.10 0.59715 0.00 
0.64542 1.21 0.46101 1.26 0.64542 -0 .24 
0.69924 0.45 0.51235 1.13 0.69924 -0.69 
0.79958 -0.53 0.56493 0.98 0.84854 -1 .24 
0.89953 -0 .80 0.61300 0.45 0.89953 -0 .94 
0.94800 -0.47 0.66323 0.18 

0.71056 -0.33 
0.76025 -0.68 
0.81088 - 1.02 
0.85636 -1.00 
0.95049 -0.60 

xCH30(CH2CH20)4CH 3 + (1 -x)CH3ICHz)7CH3 

0.05052 - 1.01 0.05052 -1.02 0.05052 --I.44 
0.09941 -0.51 0.09941 -0,96 0.09941 --1.34 
0.14781 1.26 0.14781 0.07 0.14781 -0.51 
0.19374 4.29 0.19374 1.65 0.24776 0.48 
0.24776 7.89 0.24776 2.93 0.29999 1.73 
0.29661 13.5 0.29999 4.46 0.34740 2.12 
0.29999 13.99 0.34740 4.99 0.41508 2.73 
0.34740 16.3 0.41508 5.83 0.42050 2.51 
0.42050 17.94 0.42050 5.59 0.45134 2.39 
0.44185 17.09 0.45134 5.23 0.50183 2.33 
0.45134 17.33 0.50183 5.06 0.50753 2.04 
0.50183 14.87 0.50753 4.67 0.54584 1.18 
0.50753 13.41 0.54584 3.11 0.59660 0.52 
0.59660 6.07 0.59660 2.17 0.64669 --0.08 
0.64669 4.45 0.64669 0.95 0.69523 -0.51 
0.69523 1.19 0.69523 0.26 0.79710 -1.17 
0.84841 -1.13 0.79710 -1.01 0.84841 - 1.26 
0.94727 -0.53 0.84841 - 1.26 0.89820 - 1.05 

0.89820 --I.12 0.94727 -0.65 

0.94727 -0.68 
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1 . 0 9 1 •  ' [18] ,  0 t T O N = I . 0 6 2 X 1 0 3 K  ' [16] ,  and C~TOOO= 
0.977 • 10 -3 K [ 16] and 0q,orD =0.919 • 10 K ' (est imated f rom density 
measuremen t s  of  Ref. 25). Figure 4 shows the 0t values at 298.15 K 
calculated f rom Eq. (2). 

Results for the excess mola r  heat capacities C~: are given in Table  IV. 
For  each mixture  and each temperature,  the C~ values were fitted to a 
Redl ich-Kis te r  function of the form 

C rF=x(1 - x )  ~ Ai(2x- 1/  (4) 
i = 0 

where C,~ is in J - K  ' .  m o l - '  and x is the mole fraction of the glyme. The 
coefficients A i and the corresponding s tandard deviations s are given in 
Table  V and they were used to obtain the curves in Figs. 5 and 6. The 
excess mola r  heat  capacities show a W-shaped-concent ra t ion  dependence 
at several temperatures .  The  excess molar  heat capacities at constant  
pressure for P O P D  + n-nonane at 298.15 K determined in this work  agree 
closely with those obta ined by Trejo et al. [26] .  

3 

7 
"~ 1 
7" 

F 

0 

0 

A 

I 

0 0.5 
• 

Fig. 5. Excess molar heat capacities (-'I; 
for {xTODD + (I - x) n-nonane} at 
288.15 K I I ) ,  298.15 K (A). and 308.15 K 
( r ). ( - -  ) Calculated from Eq. (4)1 
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It is observed for both systems that, as the temperature increases, C,~: 
decreases. This tendency is stronger at the maximum in C;[. It was verified 
that the mixture POPD +n-nonane exhibits a miscibility gap at 283.15 K; 
at the same time, the maximum of the C~ curve is strongly enhanced. The 
system TODD+n-nonane is miscible at 298.15 K, and the temperature 
dependence of C;~ is regular. The behavior of both mixtures at x = 0.5 is 
represented in Fig. 7. These experimental results agree with Patterson's 
hypothesis about nonrandomness in the mixture by concentration fluctua- 
tions in the UCST proximities [27, 28]. 

Figure 8 shows, for each mixture, the values of (8V~,/OT)p and 
F T(OV~,/OT) r at x = 0 . 5  and 298.15K computed by (SHE/SP)  r = V , , , -  

analytical differentiation of Eq. (3). Patterson and co-workers suggested 
[28] that the parameters, (OV,F;,, ST),, and (8HF/Op)r, can be employed as 
indicators of nonrandomness in the solution. Randomness in the solution 
implies a negative contribution to (OV~;,/OT)p and a positive contribution 
to (SHF/ap)r. (OVr/;,/OT)~ is positive for all mixtures with values that 
decrease slightly with the glyme chain length. Inversely, values for 
(OHF/Sp)r are negative, and they are enhanced with the glyme chain 
length. Similarities have been found between the behavior of these systems 
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Fig. 6. Excess molar heat capacities C]~ 
For { . v P O P D  + ( I - x ) n - n o n a n e }  at 
288,15 K (11), 298.15 K ( A ) ,  and  308.15 K 
( �9 1. ( ) Calculated from Eq. (41. 
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Fig. 8. Differential coefficients. (81"I~,/8T) p, and (SHI~/Op)T at x=0.5 and 298.15 K calculated 
from Eq. (3) ( i )  {CH~O(CH_,CHzO),CH3+"-heptane} (v=1.2,3,4) [1, 3]: (A) 
{CH30 CH_,CH20),CH3+,-cyclohexane} (v= l, 2. 3,4) [2]; ( � 9  {CH30(CH2CH_,O),. 
CH 3 + ,-nonane } ( v = 2, 3, 4), this work. 
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and glyme +n-heptane and glyme +cyclohexane mixtures [1-3] .  These 
results agree with nonrandonmess in the mixtures investigated. 
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