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Chapter 1 – Introduction

1.1 Ionic Liquids

Anions: Cations:

Figure 1.1 Anions and cations which are often used in ionic liquid synthesis



Figure 1.2 Electrochemical windows of a selection of ionic liquids fromMD + DFT calculations.

P13 is N,N propylmethylpyrrolidinium. The potential scale is relative to the vacuum level. 95%

confidence intervals are shown for each limit17



1.2 Reichardt’s Dye and Solvatochromism

Figure 1.3 Reichardt's dye



Figure 1.4 the influence of solvent choice on the electronic structure and intramolecular charge

transfer visible absorption of Reichardt's dye25



Figure 1.5 Reichardt’s dye in a selection of common solvents; from left to right: ethanol (551nm);

methanol (515nm); dichloromethane (703nm); dimethylsulfoxide (633nm); acetonitrile (623nm)

Figure 1.6 Reichardt's dye in a selection of ionic liquids; from left to right: BMIM TFSA (550nm);

BMPY TFSA (490nm); BMIM PF6 (545nm); BMIM OAc (568nm); BMMIM TFSA (549nm)

1.3 The ET(30) solvent polarity scale



Figure 1.7 Normalized ET(30) scale for a range of commonmolecular solvents (above line) and

ionic liquids (below line)25



1.4 Aims of the Thesis



1.5 Reorganization Energy

Figure 1.8 Activation Energy diagram for Potential Surfaces40



Figure 1.9 – Marcus Theory Diagram showing reorganization parameters42



1.6 Homogeneous Broadening and Reorganization Energy



1.7 Inhomogeneous Broadening

1.8 Computational studies of Reichardt’s Dye



1.9 Summary



Chapter 2 The Theory of Raman Intensities

2.1 The Classical Model
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Figure 2.1 Stokes, Rayleigh, and anti Stokes scattering
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2.2 The Quantum Mechanical Model









2.3 The Time Domain Picture
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Figure 2.2 The time dependent picture



Figure 2.3 Raman cross section53
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Figure 2.4 – Time dependent wavepacket overlap function for single vibrational mode
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Figure 2.5 – Time dependent wavepacket overlap function decay due to multi mode effect

amplitude 0

Single mode                                            Multiple mode

wavepacket 

Figure 2.6 – Propagation of wavepacket centre on electronic excited state surface; wavepacket

amplitude decays rapidly for multi mode case, depicted here by the wavepacket only sampling the

Franck Condon region



2.4 Solvent Broadening Models in Time Domain Picture
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Figure 2.7 The Brownian oscillator model is able to be applied to resonance Ramanmodelling;

Left: Spectroscopic viewpoint; Right: Electron Transfer viewpoint





Chapter 3 – Experimental

3.1 Synthesis and Purification

3.1.1 1 butyl 3 methylimidazolium chloride (BMIM Cl) Synthesis

3.1.2 1 butyl 3 methylimidazolium bis(trifluoromethanesulfonyl) amide

(BMIM TFSA) Synthesis



3.1.3 Purification of Reichardt’s Dye

3.1.4 Issues with Reichardt’s dye and Solvent Impurities



3.2 Resonance Raman of RTILs as solvents

3.2.1 Data acquisition at Massey University

3.2.1.1 Experimental Setup 488nm



3.2.1.2 Experimental Setup 515nm

3.2.1.3 Experimental Setup 633nm

3.2.2 Data acquisition at Otago University

3.2.2.1 Experimental Setup 532nm



3.2.2.2 Experimental Setup 568nm

3.2.2.3 Experimental Setup 594nm

3.2.2.4 Experimental Setup 647nm

3.3 Resonance Raman Intensity Analysis
Note:



3.3.1 Conversion from Relative Intensity to True Intensity

Figure 3.1 Example of "ICorr" window in Origin after conversion



3.3.2 Background Subtraction

Figure 3.2 Peak Analyzer in Origin



Figure 3.3 Subtracting a linear background in Origin

Figure 3.4 Subtracting a non linear background in Origin



Figure 3.5 After modifying points for user defined baseline subtraction in Origin

Figure 3.6 Final stage of subtracting baseline from non linear data in Origin

3.3.3 Peak Fitting



Figure 3.7 The Fit Peaks function in Origin can be used for peak fitting

Figure 3.8 The "Auto Find" function in Origin



Figure 3.9 Adding peaks manually for peak fitting

Figure 3.10 Selecting the fitting function



Figure 3.11 Applying bounds to the fitting function

Figure 3.12 Selecting the tolerance and number of iterations to be performed



Figure 3.13 An example of a spectrum fitted with a Chi Sqr tolerance of 1x10 12

Figure 3.14 Fitting output summary



Figure 3.15 The peak information given through the peak fitting function

3.3.4 Calculation of Solvent Cross Sections
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3.3.5 Calculation of Solute Cross Sections

3.4 Raman Intensity Modelling

3.4.1 Transition Dipole Length



3.4.2 Preparing Input Files

3.4.2.1 Absorption Spectra

3.4.2.2 Cross Sections



3.4.2.3 Final Input File







3.4.3 Initial Simulations



Figure 3.16 The code builder in Origin

3.4.4 Raman Profiles



3.5 Computational Studies
Note:



Chapter 4 – Reichardt’s Dye in Common Solvents

4.1 Reichardt’s Dye Absorption Spectra
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Figure 4.1 Overlaid absorption spectra for Reichardt's dye in common organic solvents
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Figure 4.2 Experimental and simulated absorption spectra of common organic solvents



4.2 Reichardt’s Dye resonance Raman Spectra and Computational

Studies

4.2.1 Reichardt’s Dye resonance Raman Spectra
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Figure 4.3 Resonance Raman Spectrum of Reichardt's Dye in Ethanol, 532nm excitation; presence

of * indicates solvent Ramanmodes. The inset shows the solvent Raman spectrum



4.2.2 Reichardt’s Dye Computational Studies





Figure 4.4 Labelling of Reichardt's dye rings

Figure 4.5 Reichardt's HOMO; Mode 145



Figure 4.6 Reichardt's LUMO; Mode 146



Figure 4.7 Stretching across the nitrogen in Reichardt's Dye (Mode 152)



Mode 54, 605 cm 1 Mode 60, 645 cm 1

Mode 135, 1209 cm 1 Mode 167, 1497 cm 1

Mode 176, 1585 cm 1 Mode 178, 1602 cm 1

Figure 4.8 A selection of vibrational modes of Reichardt's dye



Mode 153 Mode 154

Figure 4.9 Mode assignment for 1360 cm 1 Raman peak



4.2.2.1 Frequency Shift Analysis



Table 4.2 Frequency shift analysis of the 1295 cm 1 Reichardt's Dye Raman peak



4.2.3 Resonance Raman Spectra of Reichardt’s Dye in Common Organic

Solvents
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Figure 4.10 Resonance Raman Spectra of Reichardt’s Dye in common organic solvents. a) MeCN

488nm; b) MeCN 594nm; c) DCM 488nm; d) DCM 514.5nm; e) DMSO 488nm; f) MeOH 488nm; g) EtOH

488nm; h) EtOH 532nm; i: EtOH 568nm.





4.3 Reichardt’s Dye Modelling

4.3.1 Reichardt’s Dye in Acetonitrile
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4.3.2 Reichardt’s Dye in Dichloromethane
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4.3.3 Reichardt’s Dye in Dimethylsulfoxide
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4.3.4 Reichardt’s Dye in Ethanol
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4.3.5 Reichardt’s Dye in Methanol
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4.3.6 Results of Reichardt’s Dye Modelling in Common Organic Solvents



Table 4.3 Electronic properties of common organic solvents from modelling of absorption and

Raman profiles

Table 4.4 Reorganization energies of a selection of common organic solvents, from literature

N

tert







Chapter 5 – Reichardt’s Dye in Ionic Liquids

5.1 Reichardt’s Dye Absorption Spectra
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Figure 5.1 Absorption spectra of Reichardt's dye in ionic liquids
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Figure 5.2 Experimental and simulated absorption spectra of ionic liquids



5.2 Reichardt’s Dye resonance Raman Spectra
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Figure 5.3 Resonance Raman Spectra of Reichardt’s Dye in ionic liquids. a) BMIM PF6 488nm; b)

BMIM PF6 568nm; c) BMIM TFSA 488nm; d) BMIM TFSA 594nm; e) BMIM OAc 532nm; f) BMPY TFSA

488nm; g) BMMIM TFSA 488nm; h) BMMIM TFSA 568nm; i) BMMIM TFSA 647nm.







5.3 Reichardt’s Dye Modelling

5.3.1 Reichardt’s Dye in BMIM OAc
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5.3.2 Reichardt’s Dye in BMIM PF6
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5.3.3 Reichardt’s Dye in BMIM TFSA
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5.3.4 Reichardt’s Dye in BMMIM TFSA

13000 15900 18800 21700
0.00

1.50

3.00

4.50

6.00
(d

R
/d

) /
 1

0-1
1  Å

2  s
r-1

Wavenumber / cm-1

133cm-1

13000 15900 18800 21700
0.00

3.00

6.00

9.00

12.00

(d
R
/d

) /
 1

0-1
1  Å

2  s
r-1

Wavenumber / cm-1

289cm-1

13000 15900 18800 21700
0.00

4.00

8.00

12.00

16.00

(d
R
/d

) /
 1

0-1
1  Å

2  s
r-1

Wavenumber / cm-1

336cm-1

13000 15900 18800 21700
0.00

2.00

4.00

6.00

8.00

(d
R
/d

) /
 1

0-1
1  Å

2  s
r-1

Wavenumber / cm-1

420cm-1

13000 15900 18800 21700
0.00

1.00

2.00

3.00

4.00

(d
R
/d

) /
 1

0-1
1  Å

2  s
r-1

Wavenumber / cm-1

645cm-1

13000 15900 18800 21700
0.00

1.50

3.00

4.50

6.00

(d
R
/d

) /
 1

0-1
1  Å

2  s
r-1

Wavenumber / cm-1

1000cm-1

13000 15900 18800 21700
0.00

4.00

8.00

12.00

16.00

(d
R
/d

) /
 1

0-1
1  Å

2  s
r-1

Wavenumber / cm-1

1209cm-1

13000 15900 18800 21700
0.00

4.00

8.00

12.00

16.00

(d
R
/d

) /
 1

0-1
1  Å

2  s
r-1

Wavenumber / cm-1

1295cm-1



13000 15900 18800 21700
0.00

5.00

10.00

15.00

20.00

(d
R
/d

) /
 1

0-1
1  Å

2  s
r-1

Wavenumber / cm-1

1360cm-1

13000 15800 18600 21400
0.00

6.00

12.00

18.00

24.00

(d
R
/d

) /
 1

0-1
1  Å

2  s
r-1

Wavenumber / cm-1

1417cm-1

13000 15800 18600 21400
0.00

3.50

7.00

10.50

14.00

(d
R
/d

) /
 1

0-1
1  Å

2  s
r-1

Wavenumber / cm-1

1497cm-1

13000 15800 18600 21400
0.00

3.50

7.00

10.50

14.00

(d
R
/d

) /
 1

0-1
1  Å

2  s
r-1

Wavenumber / cm-1

1585cm-1

13000 15800 18600 21400
0.00

10.00

20.00

30.00

40.00

(d
R
/d

) /
 1

0-1
1  Å

2  s
r-1

Wavenumber / cm-1

1602cm-1

13000 15800 18600 21400
0.00

4.00

8.00

12.00

16.00
(d

R
/d

) /
 1

0-1
1  Å

2  s
r-1

Wavenumber / cm-1

1622cm-1



5.3.5 Reichardt’s Dye in BMPY TFSA
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5.3.6 Results of Reichardt’s Dye Modelling in Ionic Liquids

Table 5.1 Electronic properties of ionic liquids frommodelling of absorption and Raman profiles

5.4 Reliability of Modelling of Raman Profiles



5.5 Properties of Ionic Liquids



2500 3000 3500 4000

M
eO

H

M
eC

N

E
tO

H

D
M

S
O

D
C

M

B
M

IM
 T

FS
A

B
M

M
IM

 T
FS

A

B
M

IM
 O

A
c 

/ B
M

IM
 P

F6

B
M

P
Y 

TF
S

A

Homogeneous Broadening, cm-1

Figure 5.4 Relative scale of homogeneous broadening of common organic solvents and ionic

liquids

Figure 5.5 Normalized ET(30) scale for a range of commonmolecular solvents25
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Figure 5.6 Relative scale of reorganization energies of common organic solvents and ionic liquids



Chapter 6 – Conclusion

6.0 Conclusion



6.1 Future Work
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Appendices

Appendix One – Ionic Liquid Solvent Bands

BMIM OAc Raman band positions
174 cm 1 212 cm 1 277 cm 1 327 cm 1 358 cm 1 403 cm 1

414 cm 1 459 cm 1

525 cm 1 554 cm 1

677 cm 1

737 cm 1 749 cm 1 767 cm 1

809 cm 1 850 cm 1

930 cm 1 989 cm 1

1128 cm 1 1137 cm 1 1190 cm 1

1504 cm 1 1517 cm 1 1525 cm 1 1533 cm 1

1568 cm 1

1782 cm 1 1800 cm 1 1860 cm 1 1892 cm 1

1926 cm 1 1968 cm 1 1992 cm 1 2057 cm 1 2151 cm 1 2291 cm 1

2360 cm 1 2439 cm 1 2491 cm 1

BMIM PF6 Raman band positions
418 cm 1 429 cm 1 461 cm 1 485 cm 1

525 cm 1 537 cm 1 552 cm 1

602 cm 1 729 cm 1

756 cm 1 818 cm 1

1237 cm 1 1259 cm 1

1472 cm 1

1518 cm 1 1608 cm 1 1631 cm 1 1633 cm 1

1655 cm 1 1680 cm 1 1729 cm 1 1785 cm 1 1879 cm 1



BMIM TFSA Raman band positions
176 cm 1 207 cm 1 278 cm 1 313 cm 1 332 cm 1

414 cm 1 440 cm 1 462 cm 1 478 cm 1

511 cm 1 555 cm 1

645 cm 1

959 cm 1

1061 cm 1 1112 cm 1

1177 cm 1 1213 cm 1 1301 cm 1

1331 cm 1

1422 cm 1 1476 cm 1

1526 cm 1 1541 cm 1 1691 cm 1

1713 cm 1 1763 cm 1 1805 cm 1 1875 cm 1 1969 cm 1 2053 cm 1

2153 cm 1 2274 cm 1 2359 cm 1

BMMIM TFSA Raman band positions
175 cm 1 279 cm 1 313 cm 1 328 cm 1 341 cm 1

591 cm 1 633 cm 1

729 cm 1

805 cm 1 858 cm 1 891 cm 1

1115 cm 1

1474 cm 1

1554 cm 1 1809 cm 1 2049 cm 1 2154 cm 1

2271 cm 1 2353 cm 1 2418 cm 1 2449 cm 1

BMPY TFSA Raman band positions
281 cm 1 308 cm 1 334 cm 1 419 cm 1

493 cm 1 494 cm 1

667 cm 1 706 cm 1

843 cm 1 886 cm 1

905 cm 1 970 cm 1

1231 cm 1 1261 cm 1 1273 cm 1

1437 cm 1

1657 cm 1 1689 cm 1

1700 cm 1 1742 cm 1 1776 cm 1 1806 cm 1 1862 cm 1 1916 cm 1




