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ABSTRACT     
This work deals with the structure and solvation ability of the binary mixtures of the essential oil 1,8-cineole with n-hexane, n-octane and n-decane. The relevant derived properties excess isobaric heat capacity, molar excess volume, mixing viscosity, excess isentropic compressibility and activation Gibbs free energy were calculated from the measurements of the respective thermophysical properties carried out at atmospheric pressure in a wide range of temperatures. The data obtained were correlated with the solvent composition over the whole range and interpreted in terms of structural features and molecular interactions. The observed effect of temperature and the underlying interactions stress the propensity of the pure hydrocarbons for packing and folding. The solvation ability of the mixed solvents was assessed with the preferential solvation model, using the solvatochromic probes 2-nitroanisole and 4-nitroaniline, and the Hansen solubility parameters as well, the mixtures displaying stronger solvation power than the pure constituents.       
Keywords:  
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1. Introduction   
Essential oils have been used in pharmaceutical, medicinal and food industry [1], however, their mode of action remains not fully understood. The structure of terpenes unveils either amphipathic or hydrophobic species [2]; oxygenated monoterpenes are widespread components of essential oils, 1,8-cineole (CIN) occurring 80-90% [3]. CIN, also known as eucalyptol (1,3,3-trimethyl-2-oxabicyclo[2.2.2]octane, Fig 1), is the chief component of eucalyptus oil [4], an anti-inflammatory whose highly hydrophobic,  nontoxic nature affords a wide slate of applications [5,6].  
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 Fig. 1.   1,8-Cineole structure.
Alkanes, the simplest and least reactive type of organic compounds, bear no functional group and have aroused interest in the hydrocarbon processing. Although short-chain hydrocarbons are linear and prone to packing, when the number of carbon atoms increases the agitation movement and random motion entail species less hindered by neighbour molecules and chain folding sets in [7]. Only few thermophysical properties of CIN mixed with alcohols [8-11] and hexane [12] are available at ambient temperature; such properties provide structural information [8,13] and help to assess the extent of packing and molecular interactions.  
Solvatochromism is a complex solvent-dependent effect that accounts for the changes in the UV-Vis spectra produced by changes in the overall solvation capability or solvent polarity. The difference in polarity of a mixed solvent relative to the pure constituents relies on the intermolecular forces between the solute and the surrounding solvent molecules, which depend on the size, shape and nature of the constituents [14]. The physicochemical properties that rely on specific solute-solvent interactions point up: a) preferential solvation of solutes by one of the solvent constituents [15], and b) the solvent effect on the solute-solvent interactions [16].  
This work explores the structure of CIN/n-alkane mixtures from two complementary views: i) heat capacity, density, dynamic viscosity, speed of sound and isentropic compressibility were measured at ambient pressure for mixtures of CIN with hexane, octane and decane over the full composition range from 278.15 to 338.15 K. Excess quantities bear on structure and energy issues; hence, excess heat capacity, molar excess volume, mixing viscosity, excess isentropic compressibility and activation Gibbs free energy were calculated as well; ii) the response of the solvatochromic probes 2-nitroanisole and 4-nitroaniline to the changes in the solvent composition reflects deviation from ideal behaviour and provides evidence for preferential solvation [17,18], an effect defined as the difference in composition of the solvent shell around the solute compared to the bulk solvent [19].  The Kamlet-Taft parameters obtained along with the Hansen solubility parameters have been used to describe the solvent-solvent interactions [20,21]. The preferential solvation model has served to deduce the solvation of the solvatochromic indicators by the pure and mixed solvents [22]. 
2. Experimental 
2.1. Chemicals 
The liquids were used without further purification (Table 1). The solvents were degassed by ultrasound, dried over Fluka 0.3 nm molecular sieves and kept out of the light. The binary mixtures, miscible over the full composition range, were prepared by mass with a Mettler AT 261 Delta Range balance ((10-5). All the samples were degassed in an ultrasonic cleaner. To leave out preferential evaporation, the samples were injected by syringe into suitably stoppered bottles. All molar quantities were based on the relative atomic mass table, the uncertainty in mole fraction being ( 0.0001. 
2.2. Measurements 
Molar heat capacity values (CP) were obtained with a Setaram micro DSCIII calorimeter, fitted out with reference and measuring vessels, lodged in a calorimetric block surrounded by a thermostatic liquid that ensures constant temperature ((0.01 K). The assembly was placed in an inert atmosphere. The working procedure is based on the Calvet calorimetric principle, which determines the variation in the heat flow from/to the liquid sample upon scanning the temperature cycle. The Cp values were then calculated according to the isothermal step method [23]. Calibration was performed with toluene as reference material and 1-butanol as calibration liquid, using recommended CP values [24]. Therefore, considering the samples purity the Cp values were calculated to ( 0.01 J·mol-1·K-1.  

Densities (() and speeds of sound (c) were measured with a DSA 5000 Anton Paar instrument ((, ( 1×10-6 g·cm-3 and c, (0.1 m·s-1). The densities were obtained according to the oscillating U-tube principle and the speeds of sound by measuring the travelling time through the sample of an impulse from a piezoelectric emission. The temperature was controlled by an internal thermometer (( 0.001 K). Proper calibration was attained with deionized water (Millipore Milli-Q) and air as standards.   
Dynamic viscosities (η) were obtained with an AMV200 Anton Paar microviscometer (η, ( 0.005 mPa·s), according to the rolling ball principle. An automatic device provides the time (( 0.01s) taken for a gold-covered ball to roll a fixed distance between two magnetic sensors in an inclined, sample-filled capillary. The temperature was controlled by a Julabo F25 thermostat (( 0.01 K). Calibration was performed using water, 1-propanol, 1-butanol and 1-pentanol as standards. The combined uncertainty calculated for the viscosity measurements is ± 0.02 mPa s.
 UV-Vis absorption spectra were recorded at 298.15 K with a Hewlett-Packard 8453A diode array spectrophotometer (( 0.5 nm). The solvatochromic parameters were obtained with binary mixtures covering the full composition range and adding adequate amounts of the probe to attain 10-4 M concentration. The maxima at the highest wavelength of the spectral curves were determined by mathematical smoothing of the absorption data, using a curve-fitting peak Gaussian equation [25]. The temperature (( 0.2 K) of the 1 cm quartz cells was controlled using a 89090A Hewlett-Packard peltier.  
Table 1 
Sample provenance. 
	Chemical name (usual name)
	CAS number
	Source
	Mass fraction puritya

	n-hexane
	110-54-3
	Fluka
	> 0.990

	n-octane
	111-65-9
	Fluka
	> 0.995

	n-decane
	124-18-5
	Aldrich
	> 0.990

	1,3,3-trimethyl-2-oxabicyclo[2.2.2]octane (1,8-cineole, CIN)
	470-82-6
	Aldrich
	> 0.990

	2-nitroanisole 
	91-23-6
	Riedel-Haën
	0.99

	4-nitroaniline 
	100-01-6
	Riedel-Haën
	0.99

	toluene
	108-88-3
	Fluka
	> 0.998

	1-propanol
	71-23-8
	Fluka
	> 0.998

	1-butanol
	71-36-3
	Aldrich
	> 0.995

	1-pentanol
	71-41-0
	Fluka
	> 0.995


a All chemicals were used as received from the source.
3. Results and discussion   
3.1. Thermophysical properties  
Tables 2, 3 and 4 list the Cp, (, c, ( and kS data measured as a function of temperature for the CIN/alkane binary mixtures. The isentropic compressibility (kS) was calculated with the Laplace equation [26]:  
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Table 2
Measured and calculated properties for (x) CIN + (1-x) n-hexane binary solvents at atmospheric pressure. 
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	T = 278.15 K

	0.0000
	0.67310
	0.39
	1169.04
	1087.09
	  0.0000
	  0.00
	  0.00
	   0.00
	188.32
	  0.00

	0.1043
	0.70822
	0.47
	1188.85
	999.03
	-0.1332
	-0.32
	-0.17
	-21.64
	194.63
	-0.77

	0.2069
	0.74059
	0.57
	1208.44
	924.64
	-0.2112
	-0.62
	-0.30
	-34.39
	200.97
	-1.38

	0.2965
	0.76730
	0.68
	1225.82
	867.33
	-0.2484
	-0.85
	-0.37
	-40.57
	206.77
	-1.66

	0.4005
	0.79670
	0.83
	1246.13
	808.32
	-0.2790
	-1.09
	-0.46
	-43.20
	213.53
	-1.95

	0.4991
	0.82302
	1.03
	1265.27
	758.97
	-0.2816
	-1.27
	-0.51
	-41.78
	220.18
	-1.99

	0.5999
	0.84856
	1.28
	1284.84
	713.87
	-0.2709
	-1.40
	-0.54
	-37.48
	227.20
	-1.81

	0.6995
	0.87246
	1.66
	1303.99
	674.07
	-0.2405
	-1.41
	-0.50
	-30.83
	234.25
	-1.51

	0.8005
	0.89528
	2.19
	1322.78
	638.36
	-0.1642
	-1.26
	-0.41
	-21.65
	241.41
	-1.20

	0.8985
	0.91639
	2.93
	1340.96
	606.86
	-0.0829
	-0.89
	-0.28
	-11.51
	248.64
	-0.62

	1.0000
	0.93725
	4.21
	1359.61
	577.18
	  0.0000
	  0.00
	  0.00
	   0.00
	256.14
	  0.00

	T = 298.15 K

	0.0000
	0.65530
	0.34
	1078.25
	1312.57
	  0.0000
	  0.00
	  0.00
	   0.00
	194.96
	  0.00

	0.1043
	0.69043
	0.39
	1099.90
	1197.22
	-0.1746
	-0.19
	-0.23
	-31.61
	201.78
	-0.77

	0.2069
	0.72290
	0.46
	1121.20
	1100.41
	-0.2933
	-0.36
	-0.34
	-50.55
	208.67
	-1.34

	0.2965
	0.74970
	0.53
	1139.77
	1026.78
	-0.3539
	-0.48
	-0.41
	-59.46
	214.95
	-1.57

	0.4005
	0.77919
	0.64
	1161.36
	951.53
	-0.3972
	-0.61
	-0.46
	-63.22
	222.29
	-1.79

	0.4991
	0.80559
	0.77
	1181.47
	889.29
	-0.3999
	-0.70
	-0.51
	-60.98
	229.41
	-1.85

	0.5999
	0.83119
	0.93
	1201.82
	832.96
	-0.3799
	-0.77
	-0.54
	-54.47
	236.90
	-1.70

	0.6995
	0.85513
	1.16
	1221.64
	783.57
	-0.3322
	-0.76
	-0.49
	-44.68
	244.43
	-1.41

	0.8005
	0.87800
	1.48
	1241.32
	739.16
	-0.2300
	-0.67
	-0.39
	-31.81
	252.03
	-1.15

	0.8985
	0.89914
	1.90
	1260.03
	700.50
	-0.1178
	-0.47
	-0.27
	-17.26
	259.73
	-0.59

	1.0000
	0.92004
	2.60
	1278.39
	665.07
	  0.0000
	  0.00
	  0.00
	   0.00
	267.69
	  0.00

	T = 318.15 K

	0.0000
	0.63671
	0.30
	988.59
	1607.03
	  0.0000
	  0.00
	  0.00
	   0.00
	201.96
	  0.00

	0.1043
	0.67212
	0.34
	1012.59
	1451.06
	-0.2659
	-0.11
	-0.18
	-48.38
	209.13
	-0.83

	0.2069
	0.70478
	0.38
	1035.91
	1322.21
	-0.4328
	-0.22
	-0.36
	-76.93
	216.45
	-1.38

	0.2965
	0.73174
	0.43
	1055.88
	1225.78
	-0.5191
	-0.30
	-0.43
	-89.83
	223.08
	-1.62

	0.4005
	0.76137
	0.51
	1078.83
	1128.49
	-0.5713
	-0.36
	-0.47
	-94.65
	230.81
	-1.86

	0.4991
	0.78791
	0.60
	1100.17
	1048.59
	-0.5709
	-0.42
	-0.51
	-90.98
	238.36
	-1.88

	0.5999
	0.81362
	0.71
	1121.53
	977.14
	-0.5336
	-0.45
	-0.52
	-80.82
	246.29
	-1.68

	0.6995
	0.83767
	0.86
	1142.21
	915.03
	-0.4594
	-0.44
	-0.47
	-65.93
	254.22
	-1.38

	0.8005
	0.86063
	1.06
	1162.85
	859.28
	-0.3204
	-0.38
	-0.36
	-47.02
	262.24
	-1.10

	0.8985
	0.88186
	1.32
	1182.43
	811.05
	-0.1664
	-0.26
	-0.24
	-25.77
	270.35
	-0.51

	1.0000
	0.90284
	1.73
	1200.99
	767.91
	  0.0000
	  0.00
	  0.00
	   0.00
	278.65
	  0.00

	T = 338.15 K

	0.0000
	0.61744
	0.26
	901.09
	1994.65
	0.0000
	0.00
	  0.00
	   0.00
	208.99
	  0.00

	0.1043
	0.65314
	0.30
	926.70
	1782.86
	-0.3631
	-0.07
	-0.11
	-71.51
	216.81
	-0.67

	0.2069
	0.68599
	0.34
	952.68
	1606.15
	-0.5759
	-0.13
	-0.21
	-117.08
	224.63
	-1.19

	0.2965
	0.71331
	0.38
	974.13
	1477.36
	-0.7235
	-0.19
	-0.33
	-136.37
	231.59
	-1.52

	0.4005
	0.74317
	0.43
	998.90
	1348.55
	-0.7895
	-0.24
	-0.41
	-143.69
	239.80
	-1.76

	0.4991
	0.76991
	0.49
	1021.49
	1244.78
	-0.7844
	-0.27
	-0.47
	-137.38
	247.71
	-1.87

	0.5999
	0.79580
	0.57
	1044.07
	1152.76
	-0.7251
	-0.30
	-0.49
	-121.67
	256.09
	-1.70

	0.6995
	0.81999
	0.68
	1065.65
	1073.89
	-0.6156
	-0.29
	-0.45
	-98.68
	264.46
	-1.43

	0.8005
	0.84310
	0.82
	1086.96
	1003.91
	-0.4304
	-0.25
	-0.36
	-69.68
	272.99
	-1.11

	0.8985
	0.86446
	0.99
	1107.18
	943.67
	-0.2252
	-0.17
	-0.24
	-37.64
	281.61
	-0.47

	1.0000
	0.88557
	1.27
	1126.65
	889.61
	0.0000
	0.00
	  0.00
	   0.00
	290.33
	  0.00


Standard uncertainties: temperature (densitometer) u(T) = ±0.001 K; temperature (viscometer) u(T) = ±0.01 K; temperature (calorimeter) u(T) = ±0.01K. Combined expanded uncertainties are: mole fraction Uc(x) = ±1 ( 10-4; density Uc(() = ±2 ( 10-5 g·cm-3; speed of sound Uc(c) = ±0.5 m·s-1; viscosity Uc(() = ±0.02 mPa·s; isentropic compressibility Uc(kS) = ±0.01 TPa-1; molar volume Uc(
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Table 3

Measured and calculated properties for (x) CIN + (1-x) n-octane binary solvents at atmospheric pressure. 
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	T = 278.15 K

	0.0000
	0.71455
	0.68
	1256.65
	886.22
	  0.0000
	  0.00
	  0.00
	  0.00
	246.17
	  0.00

	0.1046
	0.73847
	0.77
	1263.76
	847.88
	-0.0044
	-0.28
	-0.16
	-5.16
	246.20
	-1.02

	0.1990
	0.75976
	0.87
	1270.81
	815.01
	0.0317
	-0.52
	-0.28
	-8.26
	246.45
	-1.71

	0.2987
	0.78216
	1.00
	1279.14
	781.39
	0.0553
	-0.74
	-0.39
	-10.63
	246.89
	-2.26

	0.4008
	0.80503
	1.17
	1288.48
	748.23
	0.0699
	-0.93
	-0.46
	-11.95
	247.59
	-2.58

	0.4955
	0.82613
	1.36
	1297.82
	718.66
	0.0759
	-1.07
	-0.50
	-12.19
	248.46
	-2.65

	0.5939
	0.84798
	1.62
	1308.36
	688.90
	0.0725
	-1.16
	-0.50
	-11.63
	249.62
	-2.47

	0.6971
	0.87082
	1.99
	1320.12
	658.94
	0.0618
	-1.15
	-0.46
	-9.97
	250.95
	-2.17

	0.7985
	0.89316
	2.49
	1332.50
	630.58
	0.0461
	-1.01
	-0.37
	-7.45
	252.64
	-1.49

	0.8939
	0.91406
	3.14
	1344.94
	604.81
	0.0309
	-0.70
	-0.24
	-4.32
	254.30
	-0.78

	1.0000
	0.93725
	4.21
	1359.61
	577.18
	  0.0000
	  0.00
	  0.00
	  0.00
	256.14
	  0.00

	T = 298.15 K

	0.0000
	0.69851
	0.53
	1172.69
	1041.02
	  0.0000
	  0.00
	  0.00
	  0.00
	253.89
	  0.00

	0.1046
	0.72235
	0.60
	1180.90
	992.72
	-0.0333
	-0.15
	-0.13
	-8.10
	254.53
	-0.80

	0.1990
	0.74356
	0.66
	1188.55
	952.03
	-0.0148
	-0.28
	-0.25
	-12.66
	255.32
	-1.31

	0.2987
	0.76586
	0.75
	1197.50
	910.54
	-0.0047
	-0.41
	-0.35
	-16.22
	256.22
	-1.79

	0.4008
	0.78862
	0.86
	1207.27
	870.01
	0.0039
	-0.51
	-0.41
	-18.06
	257.36
	-2.06

	0.4955
	0.80962
	0.98
	1216.87
	834.12
	0.0088
	-0.58
	-0.44
	-18.27
	258.59
	-2.14

	0.5939
	0.83135
	1.14
	1227.66
	798.11
	0.0096
	-0.62
	-0.44
	-17.40
	260.07
	-2.02

	0.6971
	0.85405
	1.37
	1239.84
	761.71
	0.0092
	-0.61
	-0.41
	-15.28
	261.75
	-1.76

	0.7985
	0.87624
	1.65
	1252.37
	727.63
	0.0071
	-0.53
	-0.33
	-11.71
	263.66
	-1.25

	0.8939
	0.89703
	2.02
	1264.88
	696.78
	0.0040
	-0.36
	-0.21
	-7.30
	265.57
	-0.66

	1.0000
	0.92004
	2.60
	1278.39
	665.07
	0.0000
	  0.00
	  0.00
	  0.00
	267.69
	  0.00

	T = 318.15 K

	0.0000
	0.68219
	0.43
	1090.71
	1232.19
	  0.0000
	  0.00
	  0.00
	   0.00
	262.16
	  0.00

	0.1046
	0.70593
	0.48
	1099.65
	1171.47
	-0.0576
	-0.09
	-0.13
	-11.28
	263.19
	-0.70

	0.1990
	0.72708
	0.53
	1108.14
	1120.02
	-0.0619
	-0.17
	-0.24
	-18.27
	264.31
	-1.13

	0.2987
	0.74932
	0.58
	1117.88
	1067.93
	-0.0656
	-0.24
	-0.32
	-23.62
	265.53
	-1.56

	0.4008
	0.77201
	0.66
	1128.30
	1017.49
	-0.0666
	-0.30
	-0.37
	-26.35
	267.00
	-1.77

	0.4955
	0.79293
	0.74
	1138.35
	973.23
	-0.0623
	-0.33
	-0.40
	-26.57
	268.51
	-1.83

	0.5939
	0.81456
	0.85
	1149.50
	929.09
	-0.0566
	-0.35
	-0.40
	-25.14
	270.26
	-1.69

	0.6971
	0.83717
	1.00
	1162.28
	884.23
	-0.0478
	-0.34
	-0.36
	-22.36
	272.14
	-1.51

	0.7985
	0.85926
	1.18
	1175.57
	842.13
	-0.0348
	-0.29
	-0.28
	-17.85
	274.24
	-1.09

	0.8939
	0.87992
	1.40
	1188.32
	804.81
	-0.0146
	-0.19
	-0.17
	-11.49
	276.39
	-0.51

	1.0000
	0.90284
	1.73
	1200.99
	767.91
	  0.0000
	  0.00
	  0.00
	   0.00
	278.65
	  0.00

	T = 338.15 K

	0.0000
	0.66543
	0.37
	1010.72
	1471.08
	  0.0000
	  0.00
	  0.00
	    0.00
	270.96
	  0.00

	0.1046
	0.68916
	0.41
	1020.20
	1394.16
	-0.1000
	-0.06
	-0.12
	-15.31
	272.35
	-0.63

	0.1990
	0.71027
	0.44
	1029.62
	1328.08
	-0.1237
	-0.11
	-0.24
	-25.92
	273.81
	-1.01

	0.2987
	0.73246
	0.48
	1040.27
	1261.61
	-0.1424
	-0.16
	-0.32
	-34.02
	275.37
	-1.37

	0.4008
	0.75510
	0.54
	1051.60
	1197.56
	-0.1504
	-0.20
	-0.36
	-38.41
	277.18
	-1.54

	0.4955
	0.77596
	0.60
	1062.26
	1142.08
	-0.1453
	-0.22
	-0.39
	-38.76
	278.93
	-1.62

	0.5939
	0.79755
	0.68
	1073.84
	1087.33
	-0.1346
	-0.23
	-0.38
	-36.40
	280.96
	-1.51

	0.6971
	0.82010
	0.78
	1087.43
	1031.17
	-0.1152
	-0.22
	-0.34
	-32.80
	283.13
	-1.33

	0.7985
	0.84212
	0.90
	1101.37
	978.94
	-0.0834
	-0.18
	-0.27
	-26.49
	285.45
	-0.98

	0.8939
	0.86272
	1.05
	1114.47
	933.24
	-0.0425
	-0.12
	-0.16
	-17.27
	287.81
	-0.46

	1.0000
	0.88557
	1.27
	1126.65
	889.61
	  0.0000
	  0.00
	  0.00
	    0.00
	290.33
	  0.00


Standard uncertainties: temperature (densitometer) u(T) = ±0.001 K; temperature (viscometer) u(T) = ±0.01 K; temperature (calorimeter) u(T) = ±0.01K. Combined expanded uncertainties are: mole fraction Uc(x) = ±1 ( 10-4; density Uc(() = ±2 ( 10-5 g·cm-3; speed of sound Uc(c) = ±0.5 m·s-1; viscosity Uc(() = ±0.02 mPa·s; isentropic compressibility Uc(kS) = ±0.01 TPa-1; molar volume Uc(
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) = ±0.0005 cm3·mol-1; mixing viscosity Uc(Δη) = ±0.05 mPa·s; excess Gibbs free energy of activation of viscous flow Uc((G*E) = ±0.05 kJ·mol-1; excess isentropic compressibility Uc(
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) = ±0.05 TPa-1; excess compressibility Uc(
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) = ±0.05 TPa-1; heat capacity Uc(CP) = ±0.01 J·K-1·mol-1 and excess isobaric heat capacity u(
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) = ±0.05 J·K-1·mol-1.

Table 4

Measured and calculated properties for (x) CIN + (1-x) n-decane binary solvents at atmospheric pressure.
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(J·K-1·mol-1)

	T = 278.15 K

	0.0000
	0.74118
	1.19
	1315.03
	780.20
	0.0000
	  0.00
	  0.00
	0.00
	305.94
	  0.00

	0.1066
	0.75886
	1.29
	1315.48
	761.50
	0.1279
	-0.23
	-0.13
	0.14
	299.16
	-1.47

	0.2007
	0.77504
	1.39
	1316.57
	744.37
	0.2113
	-0.41
	-0.24
	0.14
	293.50
	-2.44

	0.2965
	0.79205
	1.50
	1318.25
	726.53
	0.2736
	-0.60
	-0.34
	0.22
	287.99
	-3.19

	0.4063
	0.81226
	1.66
	1321.18
	705.31
	0.3165
	-0.76
	-0.42
	0.18
	282.04
	-3.66

	0.5005
	0.83026
	1.82
	1324.70
	686.36
	0.3267
	-0.89
	-0.48
	-0.03
	277.25
	-3.76

	0.5959
	0.84915
	2.05
	1328.99
	666.76
	0.3137
	-0.94
	-0.48
	-0.07
	272.59
	-3.67

	0.7007
	0.87067
	2.39
	1334.99
	644.45
	0.2721
	-0.92
	-0.43
	-0.25
	267.96
	-3.09

	0.7989
	0.89166
	2.86
	1341.75
	622.95
	0.2077
	-0.75
	-0.31
	-0.31
	263.81
	-2.35

	0.8956
	0.91312
	3.41
	1349.46
	601.38
	0.1209
	-0.48
	-0.18
	-0.10
	259.87
	-1.47

	1.0000
	0.93725
	4.21
	1359.61
	577.18
	0.0000
	  0.00
	  0.00
	  0.00
	256.14
	  0.00

	T = 298.15 K

	0.0000
	0.72611
	0.86
	1234.74
	903.33
	0.0000
	  0.00
	  0.00
	  0.00
	314.40
	  0.00

	0.1066
	0.74366
	0.93
	1235.60
	880.79
	0.1069
	-0.12
	-0.11
	-0.48
	308.32
	-1.10

	0.2007
	0.75971
	1.00
	1237.05
	860.16
	0.1762
	-0.22
	-0.21
	-1.03
	303.12
	-1.91

	0.2965
	0.77657
	1.07
	1239.08
	838.73
	0.2287
	-0.31
	-0.29
	-1.45
	298.17
	-2.38

	0.4063
	0.79658
	1.16
	1242.26
	813.48
	0.2658
	-0.41
	-0.37
	-1.86
	292.62
	-2.81

	0.5005
	0.81439
	1.26
	1245.70
	791.30
	0.2749
	-0.48
	-0.43
	-2.06
	288.12
	-2.90

	0.5959
	0.83307
	1.41
	1249.97
	768.28
	0.2652
	-0.49
	-0.41
	-2.13
	283.78
	-2.79

	0.7007
	0.85434
	1.61
	1255.63
	742.41
	0.2299
	-0.47
	-0.37
	-2.00
	279.20
	-2.48

	0.7989
	0.87507
	1.86
	1261.91
	717.63
	0.1759
	-0.39
	-0.28
	-1.60
	275.24
	-1.85

	0.8956
	0.89624
	2.16
	1269.30
	692.54
	0.1032
	-0.26
	-0.18
	-1.10
	271.44
	-1.13

	1.0000
	0.92004
	2.60
	1278.39
	665.07
	0.0000
	  0.00
	  0.00
	  0.00
	267.69
	  0.00

	T = 318.15 K

	0.0000
	0.71089
	0.66
	1156.56
	1051.63
	0.0000
	  0.00
	  0.00
	  0.00
	323.94
	  0.00

	0.1066
	0.72829
	0.71
	1157.50
	1024.83
	0.0914
	-0.07
	-0.11
	-0.57
	318.26
	-0.86

	0.2007
	0.74421
	0.75
	1159.52
	999.42
	0.1481
	-0.13
	-0.19
	-2.12
	313.35
	-1.50

	0.2965
	0.76092
	0.81
	1162.02
	973.27
	0.1919
	-0.18
	-0.25
	-3.28
	308.63
	-1.88

	0.4063
	0.78075
	0.87
	1165.49
	942.91
	0.2211
	-0.23
	-0.33
	-4.10
	303.32
	-2.22

	0.5005
	0.79840
	0.93
	1169.11
	916.37
	0.2285
	-0.27
	-0.39
	-4.46
	298.96
	-2.31

	0.5959
	0.81688
	1.02
	1173.38
	889.13
	0.2207
	-0.28
	-0.37
	-4.38
	294.70
	-2.25

	0.7007
	0.83792
	1.14
	1178.99
	858.57
	0.1917
	-0.27
	-0.34
	-3.97
	290.19
	-2.01

	0.7989
	0.85842
	1.29
	1184.93
	829.69
	0.1455
	-0.23
	-0.26
	-2.83
	286.17
	-1.58

	0.8956
	0.87933
	1.48
	1192.30
	799.97
	0.0867
	-0.14
	-0.14
	-2.03
	282.47
	-0.91

	1.0000
	0.90284
	1.73
	1200.99
	767.91
	0.0000
	  0.00
	  0.00
	  0.00
	278.65
	  0.00

	T = 338.15 K

	0.0000
	0.69542
	0.54
	1080.51
	1231.68
	0.0000
	  0.00
	  0.00
	  0.00
	334.32
	  0.00

	0.1066
	0.71270
	0.58
	1081.85
	1198.84
	0.0717
	-0.05
	-0.12
	-1.30
	328.92
	-0.70

	0.2007
	0.72849
	0.60
	1083.94
	1168.34
	0.1169
	-0.09
	-0.21
	-3.08
	324.19
	-1.30

	0.2965
	0.74506
	0.64
	1087.11
	1135.70
	0.1517
	-0.12
	-0.26
	-5.64
	319.65
	-1.62

	0.4063
	0.76473
	0.69
	1091.20
	1098.21
	0.1734
	-0.15
	-0.32
	-7.54
	314.60
	-1.84

	0.5005
	0.78220
	0.73
	1094.90
	1066.43
	0.1821
	-0.18
	-0.38
	-7.78
	310.38
	-1.92

	0.5959
	0.80051
	0.79
	1099.34
	1033.64
	0.1772
	-0.19
	-0.36
	-7.62
	306.21
	-1.89

	0.7007
	0.82136
	0.88
	1105.28
	996.60
	0.1496
	-0.17
	-0.31
	-7.31
	301.78
	-1.71

	0.7989
	0.84162
	0.98
	1111.29
	962.12
	0.1178
	-0.15
	-0.25
	-5.56
	297.82
	-1.35

	0.8956
	0.86232
	1.10
	1118.52
	926.92
	0.0701
	-0.09
	-0.15
	-3.89
	294.23
	-0.70

	1.0000
	0.88557
	1.27
	1126.65
	889.61
	0.0000
	  0.00
	  0.00
	  0.00
	290.33
	  0.00


Standard uncertainties: temperature (densitometer) u(T) = ±0.001 K; temperature (viscometer) u(T) = ±0.01 K; temperature (calorimeter) u(T) = ±0.01K. Combined expanded uncertainties are: mole fraction Uc(x) = ±1 ( 10-4; density Uc(() = ±2 ( 10-5 g·cm-3; speed of sound Uc(c) = ±0.5 m·s-1; viscosity Uc(() = ±0.02 mPa·s; isentropic compressibility Uc(kS) = ±0.01 TPa-1; molar volume Uc(
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) = ±0.0005 cm3·mol-1; mixing viscosity Uc(Δη) = ±0.05 mPa·s; excess Gibbs free energy of activation of viscous flow Uc((G*E) = ±0.05 kJ·mol-1; excess isentropic compressibility Uc(
[image: image45.wmf]E
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) = ±0.05 TPa-1; excess compressibility Uc(
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) = ±0.05 TPa-1; heat capacity Uc(CP) = ±0.01 J·K-1·mol-1 and excess isobaric heat capacity u(
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) = ±0.05 J·K-1·mol-1
Figs. 1S and 2S (Supplementary Material, SM) show the density/composition and speed of sound/composition plots for CIN/alkane mixtures. Both properties increased as the CIN content was raised. For CIN/octane, the density values varied linearly with composition over the full temperature range. The deviations from linearity were positive for CIN/n-hexane and negative for CIN/decane. The speeds of sound deviated negatively for CIN/octane and CIN/decane and positively for CIN/hexane, revealing significantly different behaviour depending on the alkane chain-length.   
Density and speed of sound diminished for all three systems upon increasing the temperature. Octane and decane have negligible dipole moment and hexane has a mere 0.085D [27]; therefore, the interactions in pure hexane, octane and decane primarily consist of dispersion forces and are active in the nearest neighbour moiety. The trans configuration prevails for low C-atom and gradually vanishes as the chain length is raised, evolving to gauche configuration [28]. The derived properties excess heat capacity (
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) and molar excess volume (
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) were calculated with the equation:  
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where X is the mixture property, XE is the excess property, Xi is that of the pure solvents and xi is the mole fraction of each constituent (1=CIN, 2= alkane).  

Excess isentropic compressibility, 
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, was calculated with the equation:


[image: image52.wmf]Eid

SSS

kkk

=-



 

                          (3)

where 
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 was described  as a function of the volume fraction [29], 
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, according to: 
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where 
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,
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, 
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 stand for the isentropic compressibility of the mixture and of each constituent, respectively, calculated by Equation (1), T is the temperature, Vi, CP,i, (i are molar volume,  heat capacity and  thermal expansion coefficient, respectively.
Mixing viscosities (
[image: image59.wmf]h
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) account for the conformational distortion of the hydrocarbons after mixing [30] and were calculated from the experimental measurements according to the following equation:
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where ( is the mixture viscosity and (i is that of pure constituents. Excess activation Gibbs free energy of viscous flow, (G*E, was computed from density and viscosity data  [31] with the equation: 
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where V is the molar volume of the mixture. The derived properties are collected in Tables 1, 2 and 3. The excess and mixing properties (XE) were correlated with composition, x, according to the following equation [32]: 
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      (7) 
the Aj coefficients obtained by least-squares fitting [33] (Tables S1, S2 and S3, SM)).
The composition effect on the excess volumes, 
[image: image63.wmf]E
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, changed from negative to positive in sequence: hexane < octane < decane (Fig. 2). CIN/hexane displayed negative values throughout regardless of the temperature (Fig. 2(a)), for CIN/octane the values evolved from negative (high temperature) to positive (low temperature) (Fig. 2(b)) and were always positive for CIN/decane, Fig. 2(c).  
The structure of alkanes, flexible and prone to linear configuration and short-range orientation, display easier folding and greater polarizability the larger the chain length. Therefore, size and shape affect the fitting between constituents. The sign of excess volume reveals that CIN interacts with the alkanes, hexane displaying tighter packing (negative 
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) and decane greater unfolding (positive 
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) [34]. Moreover, this effect is supported by the ease to forming dipole-induced dipole complexes [35]. 
 As the temperature was raised, hexane and octane showed negative deviation over the whole composition range and yielded deeper minima for 
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 (Fig. 2(a) and 2(b)), whereas decane gave positive values throughout, diminishing the maxima of 
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 upon increasing the temperature (Fig. 2(c)). An increase in temperature entails enhancement of the kinetic energy, reduction of polarizability and decrease of dipole–dipole interactions, leading to weakening of the hydrocarbon unfolding [36]. These combined effects explain the different patterns reflected in Fig. 2 for all three mixtures.   


[image: image68]Fig. 2. Molar excess volume for x CIN + (1-x) alkane mixtures at atmospheric pressure, (a) hexane, (b) octane; (c) decane: ( 278.15 K; ( 298.15 K; ( 318.15 K; ( 338.15 K. 
For most binary mixtures, the 
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 values were negative over the full composition range (Fig. 3), reversing to positive only for decane at the lowest temperature and for low CIN content (Fig. 3(c)). Negative 
[image: image70.wmf]E
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 values inform of less compressible mixture relative to ideal behaviour. The sharp decrease of excess compressibility in sequence hexane>octane>decane, reveals that CIN can permeate into hexane, yielding the least compressible system. Folded, more compact decane is less sensitive to compression and displays smaller negative deviations in isentropic compressibility [37].
The overall trend observed suggests specific dipole-induced dipole interaction between the two constituents (Fig. 3), which favours orientation, interstitial accommodation and tighter structure [29]; the sequence of the various contributions primarily depends on the relative size of the constituents [35].  
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Fig. 3. Excess isentropic compressibility for the x CIN + (1-x) alkane mixtures at atmospheric pressure, (a) hexane, (b) octane; (c) decane: ( 278.15 K; ( 298.15 K; ( 318.15 K; ( 338.15 K. 
Rupture of the solvent structure is reflected by positive 
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 values [29] and enhancement of thermal motion upon temperature increase, promoting easier mixing and shortening of the separation distance between constituents. Actually, 
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 was less negative when the temperature diminished and displayed deeper minima the higher the temperature. An increase in temperature entails unfolding of the alkane and breaking of CIN self-association; this feature favours accommodation of the two constituents and larger deviations of isentropic compressibility [35]. 
As to excess heat capacity, the effect of the CIN content was negative for all systems over the full composition range (Fig. 4), in line with the difference in free volume between the constituents. Cross-association prevails over structural reorganization and is responsible for negative 
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 values; these became even more negative when the alkane chain rose. Heteroassociation contributes to negative 
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 values, the more so the larger the alkane size, deepening the minima [23], and less negative the higher the temperature. The minima shifted for greater CIN content when temperature and alkane length were raised. Enhancement of the thermal motion induces unfolding of octane and decane and breaking of the interactions between constituents, with subsequent increase in 
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; for hexane, 
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 remained essentially constant.         
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Fig. 4. Excess isobaric heat capacity for the x CIN + (1-x) alkane mixtures at atmospheric pressure, (a) hexane, (b) octane; (c) decane: ( 278.15 K; ( 298.15 K; ( 318.15 K; ( 338.15 K. 
The 
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 values calculated for all three systems at different temperatures were negative over the full composition range (Fig. 5). The minima observed at x= 0.6-0.7 were similar in the three systems; 
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 decreased (less negative) when the alkane chain and the temperature increased. The lowest 
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 value, around -1.4, corresponds to hexane at the lowest temperature, 278.15K, Fig. 5(a), and the highest value, around -0.2, to decane at the highest temperature, 338.15K, Fig. 5(c).   
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Fig. 5. Mixing viscosities for the x CIN + (1-x) alkane mixtures at atmospheric pressure, (a) hexane, (b) octane; (c) decane: ( 278.15 K; ( 298.15 K; ( 318.15 K; ( 338.15 K.
Viscosity deviations, 
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, can be interpreted considering, a) size, shape and folding effects, and b) specific interactions between unlike molecules. Negative 
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 values indicate prevalence of dispersion forces and weak dipole interactions between unlike molecules [8, 36]. Enhancement of mixture viscosity relative to pure constituents confirms the prevalence of weak interactions and efficient packing between constituents, the more so the lower the temperature, and also tighter packing the shorter the alkane chain, for hexane being highest. 
Fig. 6 shows the composition effect on the excess activation Gibbs free energy, 
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, a reliable hint to infer interactions between unlike molecules. The 
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 values were negative for all mixtures at all temperatures, the minima at x= 0.55-0.60 revealing prevalence of dispersion forces [8,16]. The values increased with increase in temperature in sequence hexane<octane<decane, in line with the conclusions from viscosity analyses. The large 
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 values obtained reveal prevalence of packing and folding of alkanes; the interaction with CIN became weakened as the chain length rose. Only the induced forces increased with the chain length due to increased polarizability. 
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Fig. 6. Excess activation Gibbs free energy for the x CIN + (1-x) alkane mixtures at atmospheric pressure, (a) hexane, (b) octane; (c) decane: ( 278.15 K; ( 298.15 K; ( 318.15 K; ( 338.15 K. 
In summary, the excess properties calculated reflect the effects of size and folding of the alkanes before mixing with dipole-induced dipole CIN/alkane heteroassociation.

3.2. Solvatochromic effects 
Solvatochromism is an effect inherent to changes in the polarity of mixed solvents. The difference in solvation produced by mixed solvents relies on intermolecular forces between the solute and the surrounding solvent molecules and is reflected by changes in the UV-Vis spectra of solvatochromic dyes. Solvatochromic parameters serve to establish reliable empirical solvent scales; among these, the Kamlet-Taft parameters stand out. In this work, the solvatochromic effects were analysed on the basis of the spectroscopic data obtained at T = 298.15 K with the indicators 2-nitroanisole (sensitive to solvent dipolarity and polarizability) and 4-nitroaniline (sensitive to solvent H-bonding acceptor ability) [20]. The derived parameters depend on the local composition of the solvent mixtures and can be calculated from the wavenumbers measured according to the equations [21,38]:  
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(A and (C being the wavenumbers (cm-1) measured for the binary mixtures with 2-nitroanisole and 4-nitroaniline, respectively. Substitution of these values into Equation (10) allows one to evaluate the so-called mixing solvatochromic parameters, that is, the variation [image: image87.wmf]P
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 of the P parameters (
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where P and Pi stand for the parameters of the mixture and pure solvent, respectively. 
Available methods of dealing with solvation effects serve to link the solvatochromic parameters to the behaviour of the probes, justified by the shift in wavenumbers, ( [20]. The preferential solvation model described by Roses et al. [20] has been applied successfully to a range of solvent systems and, more recently, to ionic liquids with a variety of organic solvents [41-43], providing reliable information on solvent structure and solute-solvent interaction [18].  
The general preferential solvation model analysed in this work, based on two solvent exchange processes, converged on the model by Skwierczynski and Connors [22], a two-step model in which one assumes the interaction of the S1 and S2 constituents to forming the S12 intersolvent complex, endowed with specific properties. Such a structure emerges in the solvation microsphere of the indicator from constituents 1 and 2 [18]:  
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where I represents the indicator, S1 pure CIN, S2 pure n-alkane and S12 CIN/n-alkane. I(S1) stands for the indicator solvated by CIN, I(S2) the indicator solvated by the n-alkane, and I(S12) the indicator solvated by the binary mixture. The [image: image91.wmf]2/1
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 parameters account for the solvation ability of S2 and S12 compared to S1, expressed as free energy (not as solvation sphere composition):
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The solvatochromic property of the mixture Y can be deduced from the Y1, Y2 and Y12 contributions of pure (S1, S2) and mixed (S12) solvents in the solvation sphere [44]. Substitution into Equation (13) leads to the general Equation (14): 
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with (Y defined as [20]: 
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A global minimization procedure with simulated annealing algorithm without restrictions was used to obtain reliable parameters [45]. Fitting of this model to the spectroscopic data assembled has served to quantify the solvation ability of the mixtures and pure constituents. Figs. 7 and 8 show, respectively, the measured wavenumbers, (, together with the 
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 and (C values obtained. 
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Fig. 7. Experimental wavenumber   (          (cm-1), for (a) 2-nitroanisole, (b) 4-nitroaniline in (x) CIN + (1-x) alkane mixtures at atmospheric pressure and 298.15 K,: (( hexane, ( octane, ( decane). Continuous lines obtained with the preferential solvation model, Equation (14).
The wavenumbers for pure alkanes (x=0) with 2-nitroanisole and 4-nitroaniline decreased with the increase in the alkane size (Fig. 7). For 2-nitroanisole, the wavenumbers fulfil the sequence hexane>octane>decane, Fig. 7(a), diminishing as the CIN content was raised. 4-Nitroaniline displayed the reverse behaviour, with larger values from x=0.05 and above, Fig. 7(b). Likewise, the observed departure from the ideal (linear) behaviour of wavenumbers with the bulk composition reveals preferential solvation and solute-solvent interaction [46]. The composition effect on the 
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 and (C parameters (Fig. 8) affords positive values that diminished as the alkyl chain rose.  
Fig. 8(a) shows the maxima of 
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 values, which shifted from x=0.4, x=0.55 and x=0.65 for hexane, octane and decane, respectively. The (C values displayed maxima at x=0.2 for the three alkanes, Fig. 8(b). The good behaviour of the model has enabled us to evaluate the k, f2/1, f12/1 and f12/2 parameters (Table S5), which reflect the relative propensity of the indicator to become solvated by pure alkane (S2) and CIN/n-alkane mixtures (S12) relative to pure cineole (S1) and pure alkane (S2), respectively. 
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Fig. 8. Solvatochromic parameters (a)
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, calculated for 2-nitroanisole and 4-nitroaniline, respectively, in (x) CIN + (1-x) alkane mixtures at atmospheric pressure and 298.15 K,: (( hexane, ( octane, ( decane).  
The sequence f12/2>f12/1>f2/1 fulfil for the dyes, except for 2-nitroanisole with CIN/decane (f12/1>f12/2>f2/1)), revealing that the solvation ability of CIN/n-alkane mixtures is remarkably high compared to pure CIN and even higher compared to pure alkanes. On this basis, solvation can be interpreted at molecular level considering the polarity and concentration of the functional groups present in the solvent. Actually, the parameters obtained reflect the local solvation interactions with the solute.  
On the other hand, solubility parameters, which bear relation to the internal pressure of the solvent, were first introduced by Hildebrand [47] as the energy needed to vaporize a volume unit of a substance, suggesting that substances with similar internal pressures are prone to interact with each other. The overall Hansen solubility parameter of a mixed solvent, 
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, can be expressed in terms of three components: δd (non-polar, dispersion), δp (polar) and δh (hydrogen bonding): 
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Using the solubility parameters available for the alkanes and CIN investigated, the 
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 values for the equimolar alkane-CIN mixed solvents were calculated as:
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(17) 
Tables S6 and S7 (SM) list the Kamlet-Taft [20,21] and Hansen solubility parameters [47]. The δd values listed, representative of dispersion forces, evolved in sequence: hexane<octane<decane<CIN. Regarding the π* parameter (dipolarity/polarizability), hexane yielded negative values, and these were positive for octane and decane, for CIN being the largest. On the other hand, only CIN showed β Kamlet-Taft parameter (hydrogen bond acceptor), also small polar, δp, and hydrogen bonding, δh, contribution. Therefore, liquids with similar total solubility values become miscible, otherwise they will not be fully compatible. This outcome corroborates that the possible interactions of CIN-alkane mixtures are primarily dispersion and dipole-induced dipole heteroassociations. 
4. Conclusions         
Alkanes interact weakly with 1,8-cineole. Structural changes, dispersion forces and hetero association effects render mixtures of CIN with hexane, octane and decane very interesting solvent systems. The derived and solvatochromic properties unveil complex behaviour. For CIN/hexane, the negative deviation of molar excess volume and excess isentropic compressibility from ideal behaviour primarily reveal efficient packing. For CIN/octane and CIN/decane, the variation of molar excess volume and compressibility is influenced by: a) the balance between dispersion interactions, b) the prevalence of folding and/or packing of the pure alkanes, and c) the dipole-induced dipole heteroassociations. Balance of opposite interactions results in slight dominance of dispersion forces. Accommodation of the hydrocarbons in the cosolvent network is favoured at the highest temperature employed, CIN/hexane displaying remarkable solvation ability.  
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