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Abstract

The density and shear viscosity of mixtures of rerr-Butyl alcohol (Bu\fH) and tert-

Butylamine (Bu'NHr) with warer have been dercrmined for various temperarures (288.15

K to 318.15 K for HrO + Bu'OH and 288.15 K to 308.15 K for H2o + BuNHr) over the

whole composition range. Excess molar volumes and apparent molar volumes of the

componenrs of each sysrem were calculated from the density data. In both qystems the

appiuent molar volume of the organic comPonent passes through a minimum in the water-

rich region. Both systems exhibit large negative excess molar volumes which are

essentially independent of tempefature at all compositions. The two qystems show

pronounced maxima in their shear viscosity isotherms.

The empirical solvent polarity parameters E* and E for the solvatochromic compounds

Nile Red and pyridinium-N-phenoxide betaine respectively, have been determined as a

function of composition for water + lerr-Butyl alcohol and water + terr-Butylamine binary

mixtures, over the whole composition range at 298.15 K' For both systems the two

parameters vary with composition in a strongly nonlinear fashion, and the polarity of the

mixture decreases with increasing proportion of the organic cosolvent. The nonlinear

variation of the polarity paramerers is attributed to water-cosolvent hydrophobic interactions

at low cosolvent contents, and hydrogen bonding interactions at higher cosolvent contents.



iii

Permittivity and refractive index have also been measured at 298.15 K for both systems,

and both properties are strongly nonlinear functions of composition.

The self-diffusion coefficients of water and of the organic component have been measured

for HrO + r-butyl alcohol and Hp + r-butylamine mixtures over the whole composition

range at 301.15 K, using the NMR spin-echo technique. In the water-rich region below 20

mote Vo of cosolvent, the self-diffusion coefficients of both components for each binary

solvent system decrease rapidly with increasing cosolvent content. In cosolvent-rich

mixtures with more than 50 mole Vo cosolvent, motions of water are evidently strongly

correlated with those of cosolvent molecules. The semiempirical equation proposed by

Albright relating the shear viscosity of a mixture to the diffusion coefficients of its

components successfully predicts the general shape of the viscosity curve for each binary

system. For the composition region above 50 mole 7o cosolvent the Albright equation

gives calculated viscosities which agree well with observed values, but in the water-rich

region there are significant deviations between the observed and calculated viscosities.

Volume ratios have been measured with a bellows volumometer for r-Butylamine and six

water + r-Butylamine mixtures at 278.15, 288.15, 298.15 and 313.15 K, at pressures up to

about 200 MPa or at a lower pressure slightly below the freezing pressure at the

temperature of measurement. From densities measured at 0.1 MPa together with the

volume ratios at higher pressures, excess molar volumes, and isothermal compressibilities

have been evaluated. The compressibility is a relatively simple function of pressure,

temperature, and composition.
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Hydroxyl-proton chemical shifts for waler and r-Butyl alcohol in water + l-Butyl alcohol

mixtures with 28 mol%o r-Butyl alcohol, and the averaged hydroxyl and amino proton

chemical shift for water + t-Butylamine mixtures, have been determined at 200 MHz for

four temperatures (263.15, 278.15,298.15 and 313.15 K) as a function of composition.

Further measurements have been made for water + r-Butyl alcohol + r-Butylamine ternary

mixtures at 310.15 K over the complete mole fraction range at 60 MHz. Variations in

solvent composition have little effect on the resonance for the methyl prolons of the

cosolvent, but the signal for the hydroxylic protons is substantially influenced. The wat€r

proton resonance initially shifts to higher frequencies (low fields) as the cosolvent is added

to water, and the shift to higher frequency in the water proton resonance induced by the

hydrophobic cosolvent is strongly temperature dependent, the effect being greatly enhanced

at lower temperatures. As the proportion of cosolvent increases the hydroxyl proton signals

in the water + t-Butyl alcohol qystem and the averaged proton signal in water + r-

Butylamine mixtures shift to lower frequency (high field).

Raman and FT-IR absorption qpectra of aqueous r-Butyl alcohol and r-Butylamine in the

region of O-H and NH, stretching and bending modes have been measured at 298.15 K as

a function of organic cosolvent concentration in the whole cosolvent mole fraction region.

Vibrational intensities of some bands show definite uends with varying concentrations of

the solutions. In the concentration dependence study unusual linewidth changes of certain

bands were observed.



v

gorftfucdlrt6i_esn dono$des dlrd ry, cggi,ty B-Cooffidlente ftom the lones-DolF egldoniwere

dpm1rnined forfi,B[ KL B,ualrLG LiGl ril1@ KiC[ at A-98.[5 E fu v€rflous minutcs of watsr with

r-Butyl alcohol and r-Butylunins. The limiring rnotar mrdu@nces and ee conesponding

.W,aild-ql p@sqs, lupe he;co mrrplffi,, V'aluas of the lnotar f;olumcs of &p

ebeunlym ac fufuf,te diludtln !n tho v,roiorn+.colvent nd,t.ercs we,w sb ned fiiri'ntt fu,

deneity meffiIttornehtsr.



vl

Acknowledgements

I owe a huge debt to my supervisor Dr. Allan Easteal for his good guidance, patience and

enthusiasm. This project and the subsequent fulfilment of my dream to earn a PhD degree

would not have been possible without his encouragement. Thanks are also extended to

professor Con Cambie for his assistance over the past few years. I am grateful to Dr.

Lawrie Woolf of Australian National University, Department of Atomic and Molecular

Physics for invaluable assistance and perseverance with the pVT measurements. I am

indebted to Prof. Paul Callaghan and rhe staff of the Department of Physics and Biophysics'

Massey Universiry for making available the NMR facility and for assistance with the

diffusion coefficient measurements.

Special thanks are also offered to all those people in the Chemistry Department who

contributed in some way ro my Research, particularly: Drs. John Seakins, Michael Liddell'

Diana Siew, Mr. Peter Buchanan and Mrs. Catherine Hobbis. I also acknowledge the

kindness and assistance from members of the Chemisrry Department throughout the past

few years.

I am grateful to the New Tealand government for the award of a Commonwealth

Scholarship. Further financial assistance in the form of a Teaching Fellowship from the



vii

Chemistry Department is gratefully acknowtedged. I would also like to thank Moi

University, Kenya for granting me a study leave throughout this period of study.

I wish to take this oppornrnity to thank the Easteal family for being true friends during our

stay in New Zealand and their invaluable hetp is commendable in every way. Words

cannot adequately express our profound gratitude particularly to Susan Easteal for her

unselfish support and generosity to my family. My linle daughter will for ever treasurc and

definitely miss all that sweet love and attention from her auntie Sue Easteal.

Finally I would like to thank my dear wife Rosemary and daughter Doris for their support,

Iove and patience. I would like to thank my Mother and Father for their support during

rny years at university.



Ylll

TABLE OF CONTEI\TS

Abstract

Acknowledgements

Index of Tables

Index of Figures

Chapter 1: Introduction

l.l Water

1.2 Aqueous solutions of nonelecrolytes

1.3 Aims of the present investigation

1.4 References

Chapter 2: Background to Experimental Techniques

2.1 Densimeny

2.2 Fourier ransform infrared specroscopy

2.2.1, Attenuated total reflection specnoscopy

23 Raman spectroscopy

Page

u

vl

xll

xv

1

I

3

6

I

9

9

10

t2

16



2.4

2.5

2.6

2.7

Solvatochromic empirical solvent polarity scales

NMR pulsed gradient spin echo self-diffusion technique

Materials and standard procedures used

References

lx

t7

22

25

26

29

29

30

31

64

67

67

72

76

95

Chapter 3: Densities and Viscosities of Binary Aqueous

Mixtutts of f-Butyl Alcohol and t-Butylamine

3.1 Inrroduction

3.2 Experimental

3.3 Results and discussion

3.4 References

Chapter 4: High Pttssure Volumetric Measurements for

Water + t-Butylamine Mixtures in the temperatule range

278.15 to 3131.5 K

4.1 Introduction

4.2 Experimental

4.3 Results and discussion

4.4 References

Chapter 5: Solvent Polarity Studies of the Water+ t-Butyl

Alcohol and Water + t-Butylamine Binary systems with the

Solvatochrumic Dyes Nile Red and Pyridinium-N-phenoxide



Betaine, Refractometry and

5.1 Innoduction

5.2 Experimental

5.3 Results and discussion

5.4 References

Perm i fri vity Measurcments

Chapter 6: Self-diffusion Coefficients of

each Component in Water + t-Butyl Alcohol

and Water + t-Butylamine Binary Mixtures

6.1 Innoduction

6.2 Experimental

6.3 Results and discussion

6.4 References

x

96

96

97

w

lt8

r2l

tzl

t23

tn
L39

Chapter 7: Prnton Nuclear Magnetic Resonance

Shrdy of Water + t-Butyl Alcohol, Water + t-Butylamine

and Water + t-Butyl Alcohol + t-Butylamine Mixturcs l4t

7.1 Inroduction L4L

7.2 Experimental lM

7.3 Results and discussion t46

7.4 References 165



xl

Chapter 8: Vibnational Spectroscopic Snrdies of

Aqueous Solutions of t-Butyl Alcohol and t-Butylamine

8.1 Introduction

8.2 Experimental

8.3 Results and discussion

8.4 References

Chapter 9: Viscometric and Conductometric Studies

for some Uni-univalent Electrolytes in Water + t-Butyl

Alcohol and Water + t-Butylamine Mixtures at 298.15 K

9.1 Introduction

9.2 Experimental

9.3 Results and discussion

9.3.1 Conductivity

9,3.2 Viscosity B-Coefficients

9.4 References

Chapter l0: Conclusion

List of Publications

167

t67

169

r7L

205

208

208

213

2r7

2t7

244

n2

275

285



xll

Index of Tables

Table 1.1 Physical properties of water and other solvents.

Table 3.1 Density of rerr-Butyl Alcohol and tert-Butylamine.

Table 3.2 Density and Viscosity Data for the HrO + Bu'OH Mixtures.

Table 3.3 Density data for the HrO + Bu'NH, Mixtures.

Table 3.4 Limiting Partial Molar Volumes for HrO + Bu'OH Mixtures.

Table 3.5 Limiting Partial Molar Volumes for HrO + BuNH, Mixtures.

Table 3.6 Viscosity Data for HO + Bu'NH, Mixtures.

Table 3.7 Activation Energies for Viscous Flow for HrO + Bu'OH and

HrO + BuNH, Mixtures.

Table 4.1 Densities at 0.1 MPa for HrO + BuNHr mixtures.

Table 4.2 Volume ratios for HrO + BuNHr mixtures at 313 K.

Table 4.3 Values of coefficients for the secant bulk modulus for

HrO + BuNH, mixtures.

Table 4.4 Excess molar volumes for HrO + BuNH, mixtures.

Table 4.5 Isothermal compressibilities for HrO + BuNHr mixtures.

Table 5.1 Wavelengths of maximum absorption and transition

energies for Nile Red and pyridinium-N-phenoxide betaine.

3

32

34

36

4E

49

54

62

77

78

79

82

86

100



Table 5.2 Permittivity and Refractive Index for Hp + Bu'OH

and HrO + BuNH, mixtures at 298.15 K.

Table 6.1 Self-diffusion coefficients for Hp, Bu'OH and BuNHt

in Hp + Bu'OH and HrO + BuNH, mixtures at 301.15 K.

Table 6.2 Density and viscosity data for Hp + Bu'OH and

HO + BuNH, mixtures at 301.15 K.

Table 7.1 Chemical shifts of the hydroxyl protons of water and Bu'OH

xlu

109

128

r29

for Dp + Bu'OH mixtures as a function of composition and temperature. 148

Table 7.2 Average (OH + NHr) proton chemical shift for DrO + BuNH2

mixtures as a function of composition and temperature. 150

Table 7.3 Average chemical shift for HO + Bu\fH + BuNH, mixtures at 310.15 K51

Table 8.1 Observed frequencies and vibrational assignments of

Bu'OH in neat liquid state. 178

Table 8,2 Observed frequencies and vibrational assignments of

BuNH, in neat liquid state. 179

Table 8.3 Observed frequency and line width at half-maximum of

the NH, qymmeric stretch in the Raman spectra of Bu'NH, mixtures

as a function of composition. 200

Table 9.1 Specific conductivities for HrO + BuNH, and HrO + Bu'OH

pure solvent mixtures. 215

Table 9.2 Molar conductivities and corresponding molarities of

the elecnolytes in HrO + Bu'OH mixtures at 298.15 K. 218



Table 9.3 Molar conductivities and corresponding molarities of

the electrolytes in HO + BuNHr mixtures at 298.15 K.

Tabte 9.4 Limiting molar conductivity of elecuolytes in HrO + Bu'OH

mixtures at 298.15 K .

Table 9.5 Limiting molar conductivity of electrolytes in Hp + BuNH,

mixtures at 298.15 K.

Table 9.6 Values of Walden product of electrolytes in HrO + Bu'OH

mixtures at 298.15 K.

Table 9.7 Values of Walden product of electrolytes in HrO + BuNH,

mixtures at 298.15 K.

Table 9.10 Viscosiry B coefficients for uni-univalent electrolytes in

HrO + Bu'OH mixtures at 298.15 K.

Table 9.11 Viscosity B coefficients for uni-univalent elecnolytes in

HrO + BuNHr mixtures at 298.15 K.

Table 9,12 Limiting partial molar volumes of elecnolytes in

HO + BuOH mixtures at 298.15 K.

Table 9.13 Limiting partial molar volumes of electrolytes in

HrO + Bu'NH, mixtures at 298.15 K.

224

xiv

232

233

2s9

269

238

239

Table 9.8 Density and relative viscosity for KCI solutions in Hp + Bu\fH

mixtures at 298.15 K and at various molar concentrations of elecuolyte. 245

Table 9.9 Density and relative viscosity for KCI solutions in HtO + BuNHt

mixtures ar 298.15 K and at various molar concenrrations of elecnolyte. 25L

260

270



xv

Index of Figunes

Figurr 2.1

attenuation

Figurt 2.2

surface.

Figurt 2.3

Figurc 2.4

Schematic representation of the path of the incident light beam for

total reflectance.

Standing wave amplitudes established near an attenuated reflecting

Attenuated total reflectance accessorv.

NMR field gradient pulse sequence for the spin echo diffusion

t4

T4

15

exPenmenL

Figure 3.1 Excess molar volume for HrO + tert-Butyl alcohol mixtures.

Figure 3.2 Excess molar volume for HrO + terr-Butylamine mixtures.

Figure 3.3 Apparent molar volume of rcrt-Butyl alcohol in water.

Figure 3.4 Apparent molar volume of terr-Butylamine in water.

23

38

39

4L

42

Figure 3.5 Apparent molar volume of rerr-Butyl alcohol in the water-rich region. 43

Figure 3.6 Apparent molar volume of rerr-Butylamine in the water-rich region. 44

Figurr 3.7 Apparent molar volume of water in rerr-Butyl alcohol and ren-Butylamine45

Figurc 3.8 Limiting partial molar volume of water in terr-Butyl alcohol and

ren-Butylamine as a function of temperature.

Figure 3.9 Limiting pafiial molar volume of rer-Butyl alcohol and

rerr-Butylamine in water as a function of temperature.

Figurt 3.10 Excess limiting partial molar volume of rerr-Butyl alcohol and

50

52



ten-Butylamine in water as a function of temperature.

Figure 3.11 viscosity of Hro + rerr-Butyl alcohol mixtures as a function of

composition and temperature.

Figure 3.12 viscosity of Hro + rerr-Butylamine mixtures as a fungion of

composition and temperarure.

Figurc 3.13 viscosity and dielecnic constanr for Hro + ten-Bvyl alcohol

mixtures mixtures at 298.15 K.

Figure 3.14 Activation energies for viscous flow for Hro + BuoH and

HrO + BUNH, mixtures. 63

Figure 4.1 variation in micrometer displacement with pressure for BuNH,

liquid at 278.15 K. 7L

Figure 4.2 schematic diagram of an automated bellows volumometer. 7s

Figure 4.3 Excess molar volumes vE for Hro + BuNH, mixtures at 29g.15 K. g4

Figure 4.4 Variation in compressibility of Bu'NH, as a function of pressure. 8g

Figure 4.5 Isothermal compressibilities for HrO + BuNH, mixtures at 278.15 K. g9

Figurc 4.6 Isothermal compressibilities for HrO + BuNH, mixtures at 298.15 K. 90

Figutt 4.7 Isothermal compressibilities for HrO + Bu'NH, mixtures at 313.15 K. 9l

Figurt 4.8 Isothermal compressibilities for HrO + BuNH, mixtures at 0.1 Mpa. 92

Figure 5.1 Molar transition energy for pyridinium-N-phenoxide betaine

in Hro + Bu'oH and Hro + BuNH, mixtures at room temperarure. 101

Figurc 5.2 Molar ransition energy for Nile Red in Hro + But)H and

HrO + BuNH, mixtures at room temperature. rcz

xvl

53

56

57

60

Figure 5.3 Correlation of E and E** for HrO + Bu,OH and

HrO + Bu'NH, mixtures. 104



xvll

Figurc 5.4 Excess molar transition energy for pyridinium-N-phenoxide betaine

in HrO + Bu'OH and HrO + BuNH, mixtures at room temperature. LO7

Figurc 5.5 Excess molar nansition energy for Nile Red in HrO + BuOH

and Hp + BuNH, mixtures at room temperature. 108

Figurt 5.6 Composition dependence of permittivity for H2O + Bu\)H

and Hp + Bu'NH, mixtures at 298.15 K. 110

Figure 5.7 Excess permittivity as a function of composition for HrO + Bu'OH

mixtures at 298.15 K. lll

Figure 5.8 Permittivity and shear viscosity for Bu'OH-rich mixtures at 298.15 K. 113

Figurr 5.9 Composition dependence of refracrive index for HrO + Bu'OH

and Hp + BuNH, mixtures at 298.15 K. ll5

Figure 5.10 Composition dependence of molar refractivity for Hp + BuOH

and Hp + BuNH, mixtures ar 298.15 K. lL7

Figure 6.1 Proton spin-echo attenuation plots for HrO + Bu'NH, mixtures. 125

Figure 6.2 Proton spin-echo attenuation plots for HrO + ButOH mixtures. 126

Figurc 6.3 Self-diffusion coefficients for HrO + BuNH, mixtures as

a function of composition at 301.15 K. 130

Figurr 6.4 Self-diffusion coefficients for HrO + Bu'OH mixtures as

a function of composition at 301.15 K. 131

Figure 6.5 Variation of the product Dt1 with composition for

HrO + BuNH, mixtures at 301.15 K. 133

Figure 6.6 Variarion of the product Dq with composition for

HrO + Bu'OH mixtures at 301.15 K.

Figure 6.7 Shear viscosity of HrO + Bu'NH, mixtures at 301-15 K.

134

137



xviii

Figurr 6.8 Shear viscosity of Hp + Bu\fH mixtures at 301.15 K. 138

Figurr 7.1 Chemical shift of the hydroxyl protons of water and alcohol in

DO + Bu'OH mixrures as a function of composition at 200 MHz and 263.15 K- 145

Figure 7.2 Chemical shift of water in DrO + Bu'OH mixtures at 200 MHz

as a function of composition and temperature. lS2

Figure 7.3 Chemical shifts of the hydroxyl protons of alcohol in Dp + Bu'OH

mixtures at 200 MHz as a function of composition and temperature. 153

Figure 7.4 Average (OH + NHr) proton chemical shift in Dro + BuNHt

mixtures at 200 MHz as a function of composition and temperarure. 154

Figurc 7.5 Chemical shift of water in DrO + Bu'OH mixtures at 200 MHz

as a function of temperarure. 158

Figure ?.6 Average (OH + NHr) proton chemical shift in Dro + BuNH,

mixtures at 200 MHz as a function of temperature. 159

Figure 7.7 Chemical shift of the alcohol hydroxyl proton in DrO + Bu'OH

mixtures at 200 MHz as a function of temperature. 160

Figure 7.E Composition vadation of d6/dT for DrO + BuNH, mixtures. 161

Figure 7.9 Average (OH + NHr) proton chemical shift at 60 MHz as a

function of the proportion of nonelecrolyte in HrO + Bu'OH + Bu'NH,

ternary mixtures at 310.15 K. 164

Figure 8.1 The Raman spectra of (a) tert-butylamine and (b) rerr-butyl

alcohol in rhe rwo regions: 2700-3500 cm-t and 400-1500 cm-t. L74

Figure 8.2 The infrared spectra of (a) tert-butylamine and (b) teru-butyl

alcohol in rhe rwo regions: 2700-3500 cm't and 1150-1700 cm-t. 176



xlx

Figurt 8.3 Effect on the Raman spectra of the NH, stretching modes of

BuNH, for Bu'OH + Bu'NH, mixtures as a function of concentration. 184

Figure 8.4 Raman spectra of water, BuOH and two BuOH aqueous

solutions in the frequency range 400-4000 cm't. 186

Figurt 8.5 Raman spectra as a function of composition for HrO + Bu\)H

mixtures in the region 2700-3800 cm'l. 187

Figure t.6 Infrared spectra of HrO + Bu'OH mixtures as a function of

composition in the region 1050-3600 cm-r. 189

Figure 8.7 Infrared spectra of Hp + Bu'OH mixtures as a function of

composition in the region 2800-3600 cm-t. 190

Figurc 8.8 Infrared spectra of HrO + Bu'OH mixtures as a function of

composition in the region 1100-1750 cm-r. 191

Figure E.9 Raman spectra of water, BuNH, and two Bu'NH, aqueous

solutions in the frequency range 400-4000 cm-r. 193

Figurc 8.10 Raman specra for HrO + Bu'NH, mixtures as a function of

composition in the region 2700-3700 cm-l.

Figurc 8.t l Effect on the Raman spectra of the NH, stretching modes of

BuNH, for HrO + Bu'NH, mixtures as a funcrion of concenrration.

Figure 8.12 Ratio of Raman integrated intensity of the bands around

3296 and 2920 cm't as a function of composition.

194

r95

196

Figurt 8.13 Full width at half-maximum (FWHM) intensity of the NH,

symmetric snetching band around 3296 cm't as a function of composition. 198

Figurr 8.14 Infrared spectra of water, Bu'NH, and 30 mole Vo Bu'NH,

in water in the region 1050-3600 cm'r. 20r



Figurc t.15 Infrared spectra of HrO + BuNH, mixtures as a function

of composition in the region 2600-4000 cm't.

Figurr 8.16 Infrared spectra of HrO + BuNH, mixtures as a function

of composition in the region 1150-1750 cm-t.

Figurr 9.1 Plots of A against Cu for each electrolyte in 30 mole %

cosolvent of HrO + Bu'OH mixtures at 298.15 K.

Figure 9.2 Plots of Aagainst Ch for each elecnolyte in 30 mole 7o

cosolvent HrO + BuNH, mixtures at 298.15 K.

Figurc 9.3 Variation of limiting molar conductivity A" with composition

in 30 mole 70 cosolvent.

Figure 9.9 Viscosity B coefficients of the Jones-Dole equation for NaI

and KI in HrO + Bu'OH mixtures: Our work compared with Ref. 18.

Figure 9.10 Viscosity B coefficients of the Jones-Dole equation for

HrO + Bu'OH mixtures at 298.15 K.

244

xx

202

230

258

262

23r

for Hp + Bu'OH mixtures: NaI, KI, BuoNI, LiCl and KCI salts at 298.15 K. 234

Figurc 9.4 Variation of limiting molar conductivity Ao with composition

for Hp + BuNH, mixtures: NaI, KI, BuoNI, LiCl and KCI salts at 298.15 K. 235

Figurc 9.5 Variation of the Walden product with composition for

HrO + Bu\fH mixtures at 298.15 K. 240

Figure 9.6 Variation of the Walden product with composition for

HrO + BuNH, mixtures at 298.15 K. 241

Figurt 9.7 Plots of (q/rl. - l)/C% against C% at 298.15 K for KI in 5 mol%

Bu'OH and 70 mol%o Bu'NHr. 257

Figure 9.8 Plots of (n/n" - l)/Ch against Ch at 298.15 K for each electrolyte

263



Figure 9.11 Viscosiry B coefficients of the Jones-Dole equation for

HrO + BuNH, mixtures at 298.15 K.

Figure 9.12 Plots of (p - p")/Cn against Cv at 298.15 K for each electrolyte

in 50 mole Vo cosolvent.

2&

xxl

268




