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ABslRAcT 

Excess enthalpies and change in volumes on mixing methanol with pyridine, 
fl-picoline, N-N,-dimethylformamide and 1 &dioxane have been determined at 

303.15 K and 308.15 K and the same have been analysed for Barker’s theory. It has 
been concluded that whereas the interaction of pyridine and fi-picoline with methanol 
is attended by a decrease in s&f-association of the latter, that in methanol f 1 &dioxane 

points to a strong associative interaction in methanol. It is further inferred that N,N- 
dimethyIformamide is self-associated and it retains its associative form in its inter- 
action with methanol. Self association energies in methanol and also in N,N-di- 
methylformamide have been calculated and a possible geometry of the complexes in 
methanol + pyridine, + P-p&line, i I ,4-dioxane and f N,N-dimethylformamide 
consistent with VE and HE data has been described_ The pressure dependence of HE 

has also been evaluated_ 

In recent years there has been keen interest in the concept of the cooperative 
effect in the formation of multiple hydrogen bonded complexes. One early suggestion 

of this effect was made by Frank and Wen’ in relation to their model for the structure 
of liquid water. It was consequently believed that the lower alcohols should also 
possess a degree of cooperativity in the formation of hydrogen bonded polymers_ 
There has been, however, long controversy over alcohol association which still does 
not permit any absolute conclusions to be drawn regarding cooperative effects in 
alcohol self-association2. Further no thermodynamic data from alcohol association 
using enthalpies from models involvin_g dimers and higher polymers directly support 
the qualitative conclusions3 derived from frequency shifts in the infrared region for 
aIcoho1 solutions in organic solvents. Nevertheless, thermodynamic data which 
clearly show cooperativity effects are of potential importance in the formation of 
improved theories of associated liquids_ The present work describes the interaction 

*Present address: Department of Chemistry, University of Lethbridge, Lethbridge, AIberta, 
Canada; and to whom all correspondence be sent. 
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of methanol with possible singe site proton acceptors. Our choice of methanol was 

made by a suggestion of Liddel and Becker’ that it contains both cyclic and open 
dimers in solution. On the other hand, Davies6 maintains that association in amides 

in solution is limited to dimer formation- 

Pyridine and /3-picoline were purified by standard proazdures7*8. N,N-di- 

methylfo rmamide, 1,44oxane and methanol were treated as suwted by Vogelg. 

(All reagents were of analytical grade BDH or Fluke) The purities of the final 

samples were checked by density determinations at 303.15~0.01 K which agreed to 
within O_OWO5 g cm -’ with those in the literature’“-‘5. Sodium dried methanol was 

used in the present investigations. 

Heats of mixing measurements were made in an adiabatic calorimeter described 

earlier’ 5_ Excess volumes were determined dilatometrica11y’6 adopting a slightly 

modified experimental procedure. It was observed that on mixing the components in 

the dilatometer, there was always some liquid column in the dilatometer capillary. 
To ensure that this liquid had the uniform bulk composition, the dilatometer was 

worked up as usual ’ 6 and then piaced in iced water at z 283 K. This caused the liquid 

in the capillary to be sucked in- Care was, however, always taken that the capillary 

was not completely drained off the liquid, This was achieved by quickly dipping the 

dilatometer in the water thermostat_ The cooling and warming process was repeated 

four or five times and the dilatometer finally adjusted in the water thermostat. 

The excess enthalpies and change in voIumes on mixing data at 

308.15 K are reported in Table 1. The HE and YE data, respectively, 

the expression: 

==2 
HE/X,(&-X1) = c [(2x,-1)=&j 

r=O 

a=2 

VEjx,(I-x1) = c [(2x,-l)Y4J 
8=0 

303.15 K and 

were fitted to 

(1) 

(2) 

where x1 is the mole fraction of component 1. The parameters H, and A,, evaluated 

by fitting HE/x, (1 -xl) or VE/zc, (1 -x1) to expressions 1 and 2 by the method of 

ieast squares, together with the standard deviations a(HE) and a(v”) are recorded in 
Tale Z 
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TABLE I 

MEASURED YE AND WE AT 303.15 K AND 308.15 K FOR 
-i-HE VARIOUS MIXTURES AND COMPARISON OF HE VALUES AT 
303.15 K CALCULATED ACCORDING TO BARKER’S THEORY WITH 
VALUES INTERPOLATED FROM THE MEASURED VALUES AT 
THREE MOLE FRACK’IONS OF METHANOL (q) 

XI VE HE (J ml-‘) 
(ml mo1- 1) 

Expll. Barker 

&f&a~~l +ppiiiinne at 303. IS K 

0.0705 
0.106s 
0.1208 
O-1463 
0.1959 
0.2149 
O-2204 
0.2600 
02a7 
0.2998 
(0.3000) 
0.3048 
0.3202 
0.3238 
0.367a 
0.3870 
0.4415 
0.4802 

(0-5cw 
OS600 
0.5902 
0.6150 
0.6402 
0.6835 

(0.7000) 
0.7188 
0.7507 
0.7804 
0.8042 
0.8563 
0.9050 

-0.170 

- 0.264 
-0.285 

- 0.374 

-0.380 
- 0.393 

- 98.02 
-161.34 

- 247.80 

-406.98 
-480.12 
- 535.05 

(- 580.0) (-558.66) 

- 622.82 
- 698.02 
- 732.68 

- 0.475 
- 827.55 

t-840) 
-851.62 

(- 808.28). (dHE/dP)r = - 0.049 3 atm- I 

- 0.490 
-0.480 

- 0.448 

-0.390 

-0.336 

-0.185 

-80217 

(-20) (-740.12) 
- 697.98 

- 582.24 

- 399.21 

Al 308.15 K 

0.0950 -0.131 
0.1250 - 186.39 
0.1678 -0.230 
0.1965 - 346.05 
0.2147 -0.285 
0.2260 -407.41 
0.2702 -502.63 

(Table continued on p. 270) 
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TAl3LEl~conlLrued) 

VE 
(ml nwI- 1) 

BE (J mol- ‘) 

Ecpd Borker 

AZ 3u8JS K 
0.3119 -0.389 
03349 
0.3655 
0.3928 -0.436 
0.4220 
0.5228 
0.5548 -0.500 
05988 
0.6397 
0.6850 -0.459 
0.7050 
0.7550 -0.402 
0.7649 
0.3242 
0.8615 

0.0762 
0.09SO 
0.1068 
0.1270 
0.1362 
0.1850 
0.1894 
0.2267 
0.2410 
0.2804 
0.2832 

m.3000) 
ct.3350 
0.3567 
0.3994 
0.4sa 
0.4671 
u=O@O) 
0.52M 
0.5400 
0.5952 
0.6149 
0.6207 
0.6700 
0.6708 
(0.7oMl) 
0.7452 
0.7570 
0.7987 
0.8209 
0.8300 

-619.89 
-673.47 

-743.86 
-808.28 

-785.60 
-75297 

- 665.08 

- 560.00 
-434.15 
-34098 

-0212 
-0232 
-0.300 

-458.53 
-620.01 

-0.406 

-0.460 

-0532 

-0598 
-0.623 

-0.645 

-0.650 

-0.613 

-0.570 

-0.475 

-0.371 

- 798.68 

-903.91 
-940 (-820.98) 
--1024.98 

-1190.02 

(-1200) -1074.67,(iME~~P),= -0.068 Jam-l 

- 1180.05 
-1l22.88 
-1cBO.00 

-983.20 

(-880) (-991.50) 
-802.05 

- 640.00 

-53O.OI 
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TAELE 1 (cminrd) 

x1 VE P(JmPI) 
(?nimoi-') 

Ekpzl. Barker 

MethanoZ+ f3-picoline 303.15 K 

0.8679 -0.288 
0.9208 -0.180 

A1303.15 K 
0.090s 
0.1206 
0.1504 

0.1897 
0.2068 
0.2150 
0.2570 
0.2844 
0.2880 
0.3044 
0.3182 
0.3495 
0.3612 
0.3768 
0.4102 
0.4250 
0.4650 
0.4852 
0.5348 
0.58M 
0.5950 
0.6130 
0.6398 
0.6722 
0.7143 
0.7208 
0.7300 
0.7815 
0.8300 
0.8808 

-0.230 

-0345 
-0.371 

-0.445 

-0.4%3 

-00.520 

-0.562 

-0.598 

-0.625 
-0.630 

-0.610 

-0.580 

-0.509 

-0.490 

-0.250 

-216.89 

-398.86 

-580.03 

-780.56 

-840.66 

-925.64 

-982.03 

-1038.90 

-1080_15 
-1060.02 

-1019.53 

-918.01 

-?96.95 

-630.15 
-490.05 

Methanol+NJV-dimethyI formamide 3C3.15 K 

0.0678 -18.05 
0.1162 -32.87 
0.1468 -0.130 
0.1805 -0.165 
0.1868 -57.67 
0.2567 -0.241 
0.2600 -81.52 
0.2751 -0.261 

(O.u>oo) (-85) (-92.63) 
0.3050 -90.98 

(T&Cc continued on p. 272) 



272 

TABLE i (cuntimd) 

Xl YE 
(ml moz- 1) 

IF (J mol- ‘) 

ErprZ. Barker 

A4&arzuZf iV,X-dZmrrhyZ fumzam -a2 303.15 K 

03480 
0.3549 
o-3952 
0.4150 
O-4567 
0.4670 
O-4950 
(0-m) 
OJSOO 
0.5655 
0.6052 
0.6250 
O-67@% 
0.6750 
(0.7oGO) 
0.7100 
0.7340 
0.7950 
OaZG4 
OX?30 
0.8148 
08952 

-00.324 

-0.364 

-0.402 

-0_425 

-0.455 

-0.443 
-0.440 

-0_415 
-0355 

-0-333 

-G230 

Af3uiwSK 

OD809 
0.1463 
0.1762 -0.168 
0.2150 -0201 
OZS7 
0.2708 -0252 
0.3047 
03389 -0.309 
0.3809 
OA250 -0371 
OA4GO -G-383 
os211 -0.420 
03368 
css20 
O-5800 -0.431 
0.62GO 
0.6702 -0-423 
0.7397 -0392 
0.7317 
0.7918 -0351 
08067 
09112 -O_ISS 

-101.68 

-110.53 

--IIS. 

(-117) 
-111.68 

-108.12 

- 108.69. (dHe/dPX_ = -0SL44 J atm' x 

-887.88 
(--so) (-80.00) 
-78.11 

-45.08 

-2S.15 

--I538 
-34.86 

-71.75 

-86.20 

-101.50 

--I 14.90 

-118.02 
-110.60 

-95.04 

-62.50 

-44.11 
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XI P HE (J mole’) 
(ml mol- ‘) 

Expl. Barker 

Merhonolf I&dioxane 303.15 K 

0.0569 

0.1162 
0.1308 
0.1950 
0.2068 
0.2280 
0.2612 

(03000) 
0.3150 
0.3568 
0.3950 
0.4319 
0.4655 

(O-5000) 
0.5102 
G-5120 
0.5550 
C.5608 
0.5998 
0.6248 
0.6430 
0.6664 

(0.7000) 
0.7080 
0.7232 
0_75!30 
0.7930 
0.8097 
0.8564 
0.8850 

17260 
-0.110 

-0.184 

-00.213 

406.45 

635.14 

776.23 
(880) (825.I8) 
890.32 

-0.313 

-0.355 
1000.02 

1040.68 
(1040) (968.71), (dHE/~Z+ = -00.039 J atm- ’ 
1038.98 

-0.382 

-0.387 

-0.381 

-0.376 

1010.05 

950.03 

885.67 

(740) 
760.02 

(739.85) 

-0-350 
630.57 
536.83 

-0281 

-0.189 
362.78 

Ar 308.iS K 

0_0760 - 0.058 
OB950 
0.1164 
CA349 -0.100 
0.1806 
02107 -0.154 
0.2302 
0.2750 -0.195 
02800 
0.3048 -0.210 
0.3354 
0.3868 
O-4220 

337-43 
413.36 

620.38 

763.36 

886.27 

994.19 
1064.38 
1094.86 

(Table wntimui on p_ 274) 
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XI v= 
(ml mol- ‘) 

HE (J mole’) 

Exprl- Barker 

AZ 308.15 K 
0.4250 - 0263 
OAS46 - 0.276 
05001 - 0.279 
O.Hus 
OS%S 1077.78 
c.5600 -0281 
0.6272 984.19 
0.6302 - 0273 
a-6357 901.37 
0.7IOI - 0.247 
0.7150 802.95 
0.7900 -0202 
0.794s 590.04 
0.8446 a3.65 
0.9107 -O_lOO 

TABLE 2 

PARAMFXERS OF EQS (I) AND (2) ALONG WITH 
THE SI-ANDARD DEVIATIONS ~(l’=), a(HE) AND 
THE INTERACl-ION ENERGIES U,. U, AND U, FOR THE VARIOUS MIXTURES 

T(K) A0 Al A2 Ho 

Methanol + pyridine 303.15 -1.96 -0.3542 0.1667 -3360.04 
308.15 - 1.96 -0_4501 O.lWl -3200.11 

Methanol f fipicolinc 303.15 -260 - 0.067 0251 -4778.50 
308.15 -2.52 -0.148 0.4708 -4358.80 

Methanol i N,N-dimcthyl 303.15 - 1.701 - 0.8036 0.2007 -466.80 
formamide 308.15 -1.640 -0.7950 - 0.0390 -466.50 

MethanoI + 1.4-dioxar.e 303.15 - 1.516 - 0.498 0.1233 4159.98 
308.15 -1.120 -0.2506 0.1321 4439.98 
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Heats of mixing for methanol + pyridine, +/?-picoline, and + N,Ndimethyl- 
formamide are al! negative; exothermicity varying in the order N,N-dimethyl- 
formamide c pqridine c/?-p&line_ The results, however, indicate endothermic mixing 
1,4-dioxane + methanol. Further, whereas ijHE/t3T z 0 for methanol tN,N-dimethyl- 
formamide, it is positive for all other mixtures studied here. The HE data coupled with 
ZHEfdT ‘&us indicate that all these mixtures are characterized by specific interactions 
between their components. 

VE data for all these mixtures are negative and the contraction in volume 
follows the order I ,44ioxane c N,N-dimethylformamide c pyridine < p-picoline. 
Again i?VE/t3T z 0 for methanol +pyridine but it is positive for all other mixtures. 
The excess volumes of mixing also ahow the pressure dependence of the excess 
enthaIpy to be calculated according to the equation 

(2HEjZP) = VE- TE(WE/dT), 

and these values are included in TabIe 1. Except for methanol+pyridine, it is 
observed that an increase of pressure leads to an increase in the amount of heat 
evolved. The trend in the values of (8NEjaP), closely parahels that in Cg for 
methanol i I +dioxane, + pyridine and + N,N-dimethylformamide only. We now 
examine our VE data for molecular interactions. 

It is well known that methanol is associated in the pure state; consequently, 
it would occupy more space as a monomer than as a polymer. The addition of pyridine 
as in methanol f pyridine would result in interaction between the N atom of pyridine 
with the hydroxyl hydrogen of the methanol which would thus cause contraction in 
volume. Such a scheme of the nature of interactions would require still more contrac- 
tion in volume in methanoI+ j?-picoline. The experimental YE data supports this 

HZ dVE) dH3 Ul uz u3 
(id moi- ‘) (J mol- ‘) (J mar 1) (J mot ‘) (J moi- ‘) 

598.87 1521.40 0.0019 234 25.20 -2152.3 - 5645.4 
702.00 1600.05 0.0013 212 

177.40 2ooO.30 0.0023 5.95 25.20 -2152.3 - 6048.65 
150.71 2349.98 0.0016 6.02 

48.02 332.30 
47.30 449.98 

0.0021 
0.0020 

0.0019 
0.0014 

I.96 12.60 -2721.89 - 3906.42 
0.92 

500.02 - 1709.97 
538.41 - 1450.02 

2.57 252.03 - 2646-28 - 2 167.43 
2.72 
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conjecture_ Similar interaction may also characterize methanol +N,N-dimethyl 
formamide and methanol +- l&dioxane mixtures. 

The exothermic mixing in methanol +pyridine, + fi-picoline and +N,N-di- 

methylformamide may be explained if we suppose that the interaction of methanol 

with the various bases involves: {i) partial depol_ymerisation of methanol (i.e., a 

partial elongation of its U-H bonds), and (ii) hydrogen bond formation so that the 

ener7 released in step (ii) more than compensates the ener_ey required for step (i). 

The endothermic znixing in methanol+ l&lioxane may thus be taken to suggest that 

the ener,gy available from process (ii) is insufficient to that required for process (i). 
In an alternate attempt to understand the nature of interactions between the 

components o these mixtures, we examined our results for Barker’s theory”_ This 

generalized lattice modei theory allows a molecule occupying r,, sites on a 2 co- 

ordinated lattice to have qL,=r,Z--2r,+2 neighboring contact sites; each t_vpe 

having a definite interaction energy. It is supposed that methanol has contact points, 

Q, representing hydroxyl hydrogen (H), oxygen (0) and the hydrocarbon (I) parts 
of +-he surf&e of the molecule. 

For methanoI + pyridine, +-#I-p&line and + 1,4-dioxane, the geometrical 

parameters for this model were, lattice 2 =4, methanol molecule (A) r, = 2, 

&=6, QHA=l, Q,=2 and Q,+= 3; for pyridine, B_picoline r, = 3, q,2= 10, 

QW = 2 and QR.. = 8; and for I +dioxane Qo. = 2 and QR.- = 8- The values of r, 
and rs where chosen to give a roughly correct vabxe for the ratio of the molar volumes 

of the components. The interactions considered were: (a) hydrogen bond of strength 

U, between the hydroxyl hydrogen (H) of methanol and the N atom (0 atom for 
1,4-dioxane) of pyridine or fl-picoline, (b) self- association of stren,@h U, between the 
methanol molecules and (c) a non-specific interaction of strength U, for al.! the re- 

maining contacts. UE (excess energy at constant volume) values were then calculated 
from 

fJ:= -2RT[((Xo-+X, ;X,,+X,)X,+Xo(X,tX,,)+X,.(X,-tXr3) 

‘I~ h-i 4r+(X~Xur7~ h f13HfX0&-dGX;3t12 In tf21 (4) 

where X,, X0, X,, X,. , (X, or X0.) were evaluated by solving the following simul- 

taneous quadratic eqns (5)-(g) with certain assumed values for VI, U, and Us 

ATA and X& are the solutions of the corresponding equations for pure methanol while 
qi=e-ufKT where Vi (i = I, 2 or 3) is the interaction energy per mole and R is 



277 

the gas constant. UF vahtes at x1 = O-3,0.5 and 0.7 could be converted (as is customary 
while testing a lattice theory) to measurements at constant pressure, i.e. HE, using the 
relation 

U:=HE - WE CC,IWTL (101 

where G, (K,), and VE are the expansivity, isothermal compressibility and excess 
volume of the mixture, respectively. As the isothermal compressibility data for most 
of these compounds are not known, we have taken UE z HF_ 

Only those vahres of U, , Uz and U, were retained which reproduce as closely 
as possible the experimental HE vahtes. These values of the interaction energies are 
recorded in Table 2 and the calculated HE values at various mole fractions of 
methanol are listed in Table 1. The thermodynamic consistency of these values of 
interaction energies co&d be checked from GE measurements on these mixtures, 
work for which is in progress_ 

For methanol + N,N-dimethyl formamide, the interactions considered were: 
(i) a hydro_gen bond of &en_& U, between the hydroxyl hydrogen and oxygen atom 
of methanol with the carbonyl oxygen and hydrogen atom of the formamide; (ii) self- 
association of strength U, between the methanol molecules and also between the 
formamide mofecules, where the latter is assumed to have structure (A) 

and, (iii) non-specific interaction of strength U, for all the remaining contacts. UF 
vaiues were then calculated from 

U”,= -2RT [(X,(X oi-X~+X~‘+Xo’+X~~~+X~.(XbfX~+Xo+X~’)S. 

+&.K&‘)fl1 hl ~r+(&&+&&&I3 In ~s+(&&--x_JZ;3x 

x rlt In tlz+(Xo~XH’-X~Xd~X;r~)rlz hl v*l W) 

where the various parameters were calculated by solving the foIlowing simultaneous 
quadratic equations for some assumed values of U, , U, and U, 

~~C~P+tll~O+~~~H+tl~~H’ftJ~~O~ftl~~R’l = ORGJ2 (12) 

~ortll~Y,+~o+tlz~H+~3~~‘+tl~~o’+tl~~R’~ = Q04J2 (131 

XHhlXR+~2XO+XH+tll xH’+t13xO’+tll xR01 = QHAXd2 (14) 



278 

The quantities Xo. X,.. Xo., XrrS are the solutions of the corresponding equations 
for pure methanol and N,N-dimethyl formamide- It is supposed that the N,N- 
dimethyl formamide had contact points representing carbonyl oxygen, 0’, H atom 

CH3 
(H’) and the N< (R’) parts of the surface of the molecule, so that QH.S = 1, 

CH, 
Q om=2and QR3=7_ 

Examination of TabIe 2 shows that Barker’s theory describes HE of mixtures of 
pyridine, /I-picoiine and N,N-dimethyl formamide well. However, the agreement is 
not SG impressive for methanol i- 1.4-dioxane; the failure in this case may be due to 
our assumption that this mixture contains I:1 complexes onIy (because we have 
taken Q.+ = 1 for methanoI)_ 

NATURE OF THE I?TERACi-IO?uS 

We now make conjectures about the nature of interactions between the com- 
ponents of these mixtures. The U, interaction energies indicate that the hydrogen 
bonded interaction of pyridine, &p&line, 1 &dioxane and N,N-dimethyl formamide 
with methanol increases in the order /?-picolineb pyridine> N,N-dimethyI for- 
mamide> I +dioxane. On the other hand, the se&association energy (U,) of methanol 
in its interaction with the various bases increases in the order N,N-dimethyl for- 
mamide z I &dioxane > pyridine = fl-picoline. Thus the strong interaction of 
pyridine or &I-picoIine with methanol is attended by a decrease of self-association of 
the Iatter_ This may be explained if we assume that the 1: 1 compIex in methanol + 
pyridine, tB_picoline has structure (B) 

The strong hydrogen bonded interaction of pyridine or /?-picoline with methanol tends 
to elongate the O-H bonds in the poIymeric methanol and so weaken the self- 
association in the latter. Moreover, such a structure of the 1: 1 complex of methanol -!- 
pyridine and +p-picoline would also explain the contraction in voIume. Further, 
the large ener,oy released in hydrogen bond formation in these mixtures more than 
compensates the ener_gy required to elongate the O-H bonds in methanol which 
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would aiso explain the exothermic mixing in them. The methanol+ N,Ndimethyl 
formamide complex may be supposed to have structure (C) 

H3C 
\ p.J-C-H____ \ 

/ ii 

O--_&f-___O-” i_ 

H3C b _ I 

. \. ‘=H3 

. 

H 

i 

c=o 

I 

r-4 /ku 3 3 

:c; 

CH3 

O=C-N 
/ 

I \ 
a-i3 

ii 

i 
C-H 

Such a structure for the I:1 complex in methanol iN,N-dimetbyf formamide would 
require both the N,N-dimethyl formamide and methanol to have associative forms 

and the association ener-gg of 0’-H’ bond should be of the same magnitude as that 

of O-H bond in methanoi. The U, association ener@es of N,N-dimethyl formamide 

are indeed equal to that of methanol in this mixture. Further in this structilre the 
O-H bonds are not as stretched as they are in methanol+p_yridine, which explains 

the large U, association energy in the former mixture compared to that of the latter. 

The endothermic mixing in methanol + 1 +dioxane may be explained if it is 

supposed that the hydrogen bonded 

@)I 

interaction of l+dioxane with methanol (as in 

releases less ener_q than is required to eiongate the O-H bond in methanol. Such a 

conjecture wouId also require that methanol in methanol i- 1,4-dioxane should be 
sufficiently strongly associated with U, association ener,oy c U, _ The U, interaction 

energies of methanol in methanol + I+dioxane and U2 < U, does support this 

conjecture. 
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