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Abstract

The pyrene/ y-CD supramolecular guest/ host system was characterized using
several photophysical techniques, and the dynamics were investigated using the stopped-
flow technique with fluorescence detection. This study was undertaken in order to better
understand the dynamics involved in supramolecular systems containing complexes of
multiple stoichiometry. In addition, the methodologies used in this study may be
employed in future studies investigating the dynamics of other guest: CD supramolecular
systems containing multiple stoichiometric complexes.

The techniques used to characterize the system included absorption spectroscopy,
fluorescence emission and excitation spectroscopy, quenching of the excited state using
the iodide ion, and time-resolved spectroscopy. Results from these various techniques
indicate that the supramolecular pyrene: y-CD complexes that are present are the 1:1, 1:2,
and 2:2 complexes. Using a step-wise formation mechanism, the equilibrium constants
are found to be 325 +25M™", 110 £ 30 M, and (1.5 £ 0.5) x 10° M for these complexes,
respectively (at 20 ° C).

The dynamics of the pyrene: y-CD system were found to be quite complex. At
lower host concentrations and at shorter time-bases, i.e. less than ~ 10 x 10° M v-CD and
around 200 ms, respectively, the kinetics were semi-quantitatively explained by a
dimerization model. The association rate constant for this process is found to be of the
order of 10’ M's™', whereas the dissociation rate constant is approximately 10 to 10* s™.

At higher host concentrations, the kinetics were more complex at longer time-scales, i.e.
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> 100 ms to the minute time-scale. This was qualitatively found to be a result of the

dynamics of the 1:2 complex.

Examiners:

Dr. Cornelia Bohne, Supervisor (Department of Chemistry)

Dr. Thomas M. Fylé€s, Departmental Member (Department of Chemistry)

Dr. Richard Keeler, Outside Member (Department of Physics and Astronomy)

Dr. David A. Harrington, External Examiiner (Department of Chemistry)



TABLE OF CONTENTS

PRELIMINARY PAGES

PN 51§ 2 Tt S i
TADIS BF COBEEIRS. . «.scnmnon o svmmmmansmmnnin s wss s Setoties &4 SFAESEEAS 15 FBRAR A & BT EEFFRGSS ST ERIRTS v
LASE OF TABIES.. . . coumonss io smonmmomnssons mnmasmsins v o5 sumasmmr ey o msmms s | Usmenss-sns e Hsssms e X
LEEE B F I oo sommus:s v smumss s i s s S » 6 257 S i 5 S AR A S S AN s Xii
LASE OF BOIBIES . cx.0 05 mmmmniness s hnnosnmpissnss v voasnios i b s baesnms s ob 55 GrEumsnm o ¥ SFFHRIRE ESHE Xviil
List OF ADDICVIRIIONS. . v cosinsommensninissminenssusnnsmemnsss et snsisis s pmmeyamnssms sy XiX
ACKIOWISABEONEIS. & o cn5mmmss annm s s s o s oo msiess s oo 5o eass s s an S5 s 5 oo es e 45358 Xxii
L INTROBUCTION cannsnisnnmimmssimmivmsssmmis oo tammmmnosisbssrossion 1
1.1 PROtOPRYSICS ..o 1
1.1.1 PHOAIBVSICHL TTEODEEEES. . oo imssnirsssninis st iim b SRR TS AT NS LR A TAREAS |
112 Steady state measurements of unimolecular processes...........ccccceecunnnennnn. 4
LLZL  ADEOTHUGH SPREIR o coascmsmmsmsnisnimmssmsmmssnmmssinss iS5 s an 4
1.1.2.2  Fluorescence emiSSION SPECIIA ... ....uueieiiuereieaiiiieaaiiieeeeiieeeesiaeaeeeeeaanes 5
1.1.2.3 Fluotescence eXcafion SPOGCIIR corasmrrirmmsncosssssssmmsniisns asosmsasessssason 6
1.1.3 Kinetics of unimolecular proCesses. ..........oouuuiiiiiiiiieeiiiieeeiee e 7
LA3:3  THCHIIES coivivsvncrimnnmionisomusnyisiss st s irias sSsas s s mas s a4 7
1.1.3.2  Quantum YIelds ......oooooiiiiiiiiiiiiieeeee e 9

1.1.4 Time resolved fluorescence emission measurements: Single photon

COUBENG s e sressisssstsspsisroisese s e s 9




v

I.1.5 Bimolecular photophysical ProgESSEs s s emsssmsmmusrasivses o 12
Ld8.l  QUEHERINE cmmssmmsunsmmommsumarsinis s sonsesss s oo sms e s s o 13
1.1.5.2  Stern-Volmer analysis .......ccoooiiiiiiiiiiiiiiiiiiceiec e 15
1153 EXciries TOTTIMION, e m o m s om i s s s s i s umss 18

1.2 DAODTIETL I s im0 505900505067, S R, P50 S 00 AR 21
1.3 B0 (505 (23 03 ¢ RSP 23

1.3.1 Structure and PrOPEITIES. ....cccuuuiiiiiiiiiiiiiee et erie et e e e e e 23

1.3.2 Complexation of organic molecules to cyclodextrins...........ccccceeeueeeenns 26
1.3.2.1 Determination of species present in equilibrium in CD systems.......... 26

1.3.2.2  Determination of equilibrium constants in multiple stoichiometric

571 S — 28
1.3:2.3 Dynatmics Of CD SYSEIMNS iociioicssi sansiassnsssnsnisitssins ssnsinshosssosassssmmmnannss 31
1.3.3 Cyclodextrin appliCatioNS........c.ueeiiiiiiiieiiiie ettt 32
1.4 PYTENE ... 33
1.4.1 Phiysical Properlits cuaemssssssssmsasimsssmmsssamsssmsssawmm s 33
1.4.2 Photophysical PrOPETties ........c.cceeriiiiiiiiiiiieeeiee e 34
LAZ)  SoIVEIE POl ClTOBIR coivniinenininsms soiomnans shesnstors on ssssis.ams i i miis 34
1.4.2.2  Excimer fOrmation ............cccciiiiiiiiiiiiiiiieee e 36
1.4.2.3  Fluorescence quantum yields and lifetimes...........cccccoevieiiiiiiiiennnn.. 37
1.4.3 Complex formation with cyclodextring..........coooeeiiiiiiiiiiiiiniiiiieece. 38
1.4.3.1  Pyrene in y-CyclodeXtrin .......ccoeiiiiiiiiiiiiiiiiiieeeeeeeee e 39

1.4.3.2  Pyrene in B-CyclodeXtrin.........ccooiiiiiiiiiieiiieeieeieee e 42



1433 Pyrene i 0-Cvtlodextrin .oussmmemmosssenmnresssmmesassmarsssses 44

1.5 Objectives Of theSIS... ... cieiississsnneossmnsessesmsnens snssnsssossansssansns ssasanssss 44
2. EXPERIMENTAL......cconssssoesrsssonssonnssarsrsussarnsnssasssssssssnsssinsssossssssssssssossoesissssoasine 46
2.1 BIBIIAIR ... v vonsvorunssmensmvensampsemmsms e s RSBy R se oS b i 46
2.2 SamPple PreParation .............eeieiiieiiiiiiii et 47
2.2.1 Preparation of aquecos pyrene SOMBONS .« .o assssmmssvmrissaesyesmamssssississ 47
2.2.2 Preparation of pyrene/ y-CD SOIUtIONS .........coeviiiiiiiiiiiiiiiiiiiiiecciieeeee 47
223 Preparation of solutions for quenching studies...........cccccoeeviiiiiiiiinneanns 48
224 Preparation of solutions for pH StAY ... samsssmmssarssiissssosmsssonss 49
23 INStrUMENTAtION ...t e 49
251 Bl ENOUBICIIIEINS it simaniansminsd ssimm s i b dns s n o RS PR S 49
233 UV-Vis absorption SPECIIOSCOPY ...vveeerrreeruvreraiereiiieesnieeenseeeaeeeaenneaaaanns 49
233 FIuorescence SPECIIOSCOPY ...c...veieiireeiuiieeiieieeieeeeieeeeeeee et e e eeaeee e 50
Sedvdd  Diondy Stale TIDIOSTRIID e s 5o AR5 50
2.3.3.2 Time-correlated single photon counting (SPC) ........coovveiiiiiiiiienneen. 51
2.34 SUOPPEU FIOW o..rvmsommsnesmsmmmssssompmmss ot msss e s s s s as 53
2.34.1 Experimental CONAItIONS ......cc..oeiiiiiiiiiiiiiiiieeiiee e 53
2342  Data analySIS ......ccocuuiiiiiiiiiiiiiie e 54

3. CHARACTERIZATION OF THE PYRENE/ y- CYCLODEXTRIN

S B LTI oonsvinmomsssmvinnirpinsmspstinensssompamsRomessrsnh N A A S S AT AP AR SIS 56



Vil

%1 BBEIEILS v s rmomsmmossmmismsmemmsmier sonssnssmssmmpaasssnusmsss syt b im0 b St iAS o Bn 56
3.1.1 ADSOTPHION SPCCITORCIDN xrs.euss.50m 5. oo 655555070 653 530504085 S 5 S OSSR 56
3.1.2 Steady state fluorescence SpectrOSCOPY....ceuvvurvriiiiiiiiiiiiiiiiiiiii e 57

3:1.2.1 Emission in the presence of Y-CYClodexttin. o asmumns mas s ssmsasss 57

3.1.2.2  pH dependence of fluorescence emission in the presence of y-

CYOLOOEKIEII cci05.500 0550 40055 snanmssnnsmmnnsmo srsesnssninsnmassanmasssommesiians haasamen snnssssanasin s ssaenssss 61
3.1.2.3  EXCIHAtION SPECLIA ..eeiiiiiiiieiiieeeeeiiiiiiieieeeeeeeeeseniineaeeeeeeeaeeeesannaeaeaeeaeanns 62
3.1.2.4  Fluorescence quenching with iodide.........ccccoeeiiiiiiiiiiiiiiiiiie, 64
3.1.2.4.1 Quenching in the absence of y-cyclodextrin..........c.ccccooveeiieennnnn. 64
3.1.2.4.2 Quenching in the presence of y-cyclodextrin.........c.cccccovveevvrennnn.. 64
3.1.2.5  RI/III) @NnalySIS ..cccciuuiiiiiiiiiieiiiiiee e et 69
3.1.2.5.1 Influence of y-cyclodextrin complexation .............ccceeevererveennn... 69
3.1.2.5.2 Influence of iodide quenching on R(I/IID).......cccccevvviinniiiniinannnnn. 71

3.1.3 Time-resolved fluorescence SPeCtroSCOPY.......cevvveeriueeeiiuieeriireiiieenieeenns 73
3.1.3.1  Excimer KINEHCS.......oouiiiiiiiiiiiiniceiiceitee e 73
3.1.3.2  Jodide quenching reSultS...........ccovueeeeiuiieeiiieeeiie et e 74
3.1.3.2.1 In the absence of y-cyclodeXtrin.........ccoouvereeeiiiiiieiiiieeiiieeeeaeen 74
3.1.3.2.2 In the presence of Y-CyclodeXtrin ........cccceevieeiiiiieaiieniieieieeeieene 75
3.1322.1 Pyrene monomer emiSSion ............eeeeeeiiiiieeeiiiieeeniiie e 76
3.1.3.2.2.2  Pyrene eXCimer MiSSION ........c.eeeerurreriueeseinieeeeeeereeeeneeeennnns 81

32 DISCUSSION. ...ttt et e ettt e e 85

3.2.1 Species present in the pyrene/ y-cyclodextrin system............ccccccoeeeennne... 85




4.

viii
3.2.2 Determination of equilibrium constants for the multiple stoichiometric
ORI 0o s e 8 D T B o S B VAN 91
DYNAMICS OF THE PYRENE/ y-CYCLODEXTRIN SYSTEM ................... 99
4.1 Whiat 18 ehemical TElERATOMY. . ..vvnmsssnsshinininsis s aiins s e s st aiisses s i 99
4.1.1 Influence of the size of concentration perturbation: Theoretical and
experimental CONSIAEIAtIONS......cc.uuuiiiiiiiiiiiii e 101
4.2 RESULIES ..t 103
4.2.1 Comparison of stopped-flow and steady-state fluorescence data........... 103
4.2.2 Stopped-flow kinetics results at low y-cyclodextrin concentrations....... 108
423 Kinetics at high y-cyclodextrin concentrations.......swssssssssssvsssssmsssses P12
424 Kinetics on long-time scales at high y-cyclodextrin concentrations....... 115
4.24.]1 Stopped-Tlom PEBUNE. . immmmosmmemosmsmmsmsissmsonsssrsssssmmpeyassmxamsese 115
4.2.4.2 Time-based steady-state fluorescence results.............ccccceeeeiiiinnnnnn. 118
4.3 T LT o 121
43.1 The use of a linearized rate equation in the pyrene/ y-cyclodextrin
g e 11 R W, 121
432 Kinetic and thermodynamic model of the pyrene/ y-cyclodextrin
Tz S L. 123
433 Inaplications Of Kifetie TESNIIE. «.cuusimninmasmivismitnmivsibonssinamam ssgesss 128
434 Comparison between the pyrene/ y-cyclodextrin kinetic study and other

probe/ cyclodextrin literature reSults .............oooouiiiiiiiiiiiiaiiic e 130



d.

6.

1X

4.4 Conclusions of Kinetic analysis ..o 131
CONCLUSIONS cuuitiiiititttcintticsieiesseteessssisesssssssssesesssasssssssssssssssesssssssssesasess 133
REFERENCES .....ccccesceccsssscssssssascsssssssssssnssssossasssssssssssssorssssasssssasssssnasssssnsssssens 135



LIST OF TABLES

Table 1-1: The aqueous solubility limits and the pK, of the various CDs at 25°C. Data
taken om RIEIERER 1). ..o s vasnsniiossassin s toasanessomeas 25
Table 1-2: Equilibrium constants for various multiple stoichiometric probe: CD
SYSLEIIIS . 1.ttt e et ettt e e e e ettt e e e e e e e et e e 30
Table 1-3: Dependence of R(I/III) of pyrene on solvent polarity, as exemplified in
VATTOUS SOIVEIIES. 1ttt e e et e e 36
Table 1-4: Comparison of fluorescence quantum yields and lifetimes of pyrene and
naphthalene in various solvents (de-aerated, unless otherwise specified)................ 38
Table 3-1: Stern-Volmer constants for pyrene (5.0 x 107 M) in the presence of various
Y-CD concentrations measured at the monomer (383 nm) emission wavelengths
using steady-state fluorescence emission intensities.™ ................ccocooeiiieeiieeennn 65
Table 3-2: Stern-Volmer constants for pyrene excimer quenching by I' at various y-CD
COMCEIETATIONE vouxsscunsmmmnmunnsmssmmsnins o vusssnn s T A A S A P T S S 69
Table 3-3: Lifetimes of pyrene (5.0 x 107 M) in water at the monomer emission
WAVEIENEID LIBI BN ovsvmsmemsmsmnsmmmsmsousmsssas s ssmss sy s A N inss 75
Table 3-4: Lifetimes recovered from the fluorescence decay of pyrene (5.0 x 107 M) in
the presence of 2.0 x 10° M y-CD monitored at pyrene monomer emission
wavelength (383 NM). ....oeeiiiiii e T7
Table 3-5: Lifetimes recovered from the fluorescence decay of pyrene (5.0 x 107 M) in
the presence of 10 x 107 M y-CD monitored at the monomer emission wavelength

(13T 111 0| TSRS 79




X1

Table 3-6: Lifetimes obtained from the fluorescence decay traces of pyrene (5.0 x 107’
M) in the presence of 2.0 x 10 M y-CD and various iodide quencher concentrations;
Aex = 331 NI oo 82
Table 3-7: Lifetimes recovered from the decay traces of pyrene (5.0 x 107 M) in the
presence of 10 x 10° M y-CD and various iodide concentrations; A, = 331 nm...... 84
Table 4-1: The association and dissociation rate constants, and equilibrium constants (a)
of the dimerization process of pyrene (5 x 107 M and 1 x 10° M) based on stopped-
flow results. (b) The equilibrium constant for the dimerization process from steady-
BEOAE AIVIIYSES o omammensimanemeiassiion S0 mvAsos i i 53 R AN b e s 111
Table 4-2: Fraction of pyrene present in the multiple stoichiometric pyrene: y-CD

COMPIEXES.......iiiiiieiie et e e e et e e e naee e 118



Xil
LIST OF FIGURES
Figure 1-1: Jablonski Energy Diagram: Radiative processes include absorption,
fluorescence, and phosphorescence; non-radiative processes include internal
conversion, intersystem crossing, and vibrational relaxation. ............c.cccccevviiniienns 3
Figure 1-2: A schematic representation of a single photon counter adapted from
reference 3. See text for explanation of parts corresponding to the appropriate
mzrober g9 thestrated 1 Hhey TIEIEE. o s s s s s 10
Figure 1-3: Potential energy diagram of monomer and excimer emission (adapted from
TBEETBIRE B connaomunnnsmnonnnes s s i S A SR A 20
Figure 1-4: Schematic diagram of a stopped-flow apparatus. See text for explanation of
parts corresponding to the appropriate number in the figure. ............ccccceiiinnnn. 22
Figure 1-5: End-on view of y-cyclodextrin showing the numbering of the carbon atoms
in each glucose unit. (Diagram adapted from reference 10.).........ccccoeeeviiiiniicenns 24
Figure 1-6: Molecular structure of pyrene...........ccocoeiiiiiiiiiiiiiiiiiiiiiciie e 33
Figure 3-1: Absorption spectra of pyrene (5.0 x 107 M) in water, (a); and in the
presence of 2.0 x 10° M, (b); and 10 x 10° M, (¢) Y-CD.....oovoverrvieeeeceeeeee 56
Figure 3-2: Corrected fluorescence spectra of pyrene (5.0 x 107 M) in the absence (a)
and presence of y-CD (2.0 x 10° M, (b); 5.0 x 10° M, (c); 10 x 10° M, (d); 20 x 10~
M, (e). Inset: An enlargement of the excimer emission region at the various y-CD
concentrations 1S ShOWN. ... 58
Figure 3-3: The excimer-to-monomer intensity ratio of 5.0 x 107 M pyrene in the
presence of various y-CD concentrations. The data have been corrected for

monomer emission at the excimer emission wavelength. The excitation wavelength



was 331 nm. Error bars indicate the average deviation of two trials; data with no

error bars indicate data from one trial...........oooooiiiiiiiii 59
Figure 3-4: Dependence of the excimer-to-monomer ratio for pyrene ((0.67-1.0) x 10
M) in the presence of ((3.3-5.0) x 10 M) y-CD as the pH of the solution increases.
The data were corrected for monomer emission as described in the text, using a 1.0 x
10° M pyrene, aqueous SOIULION. ..............o.oveeueereiieeeieieseeeseeeeee e es e 62
Figure 3-5: Excitation spectra of pyrene (5.0 x 107 M) monomer emission (A,,, = 383
nm; a, b, ¢) and excimer emission (A, = 473 nm; d, e, f) in water (a, d), and in the
presence of 2.0 x 10° M y-CD (b, €), and 10 x 10° M y-CD (c, f). The spectra
monitoring monomer and excimer emission were normalized at 320 nm to 2 and 1,
TOSPIECRIVEEY . onsimsuvnowmmsnssnonsensesnssmssHasmsass smmss s o R S A AR AR RS R 63
Figure 3-6: Stern-Volmer plots of pyrene (5.0 x 10”7 M) in water (O), and in the
presence of 2.0 x 10 > M y-CD (A), 10 x 10 * M y-CD (+), and 20 x 10 * M y-CD
() ettt 67
Figure 3-7: Stern-Volmer plots using steady-state and time-resolved data of pyrene (5.0
x 107 M) excimer in the presence of 2.0 x 10° M y-CD (O and O, respectively) and
10 x 10° M y-CD (+ and A, respectively). The data were measured at the excimer
emission wavelength of 473 nm. The steady-state data were not corrected for
monomer emission at this emission wavelength. ..............ccooieiiiiiiiiiniiiceieeee 68
Figure 3-8: R(I/III) of pyrene (5.0 x 107 M) in the presence of various concentrations of
Y-CD. The intensity of the peaks were taken as the maximum emission intensities
near [ = 371 nm and III = 383 nm. This was done so as to avoid error in calculating

R(I/IIT) from measuring intensities at a fixed wavelength, as a shift in emission



X1V

wavelength due to complexation (up to 2 nm) would appear as a change in emission
intensity due to environment polarity. The error bars are the standard deviation for 3
BEIALS, cocrcmemsnsimivssosmmmmammes sammesmansess sosmes s A AR AR SR AP RSP —— 70
Figure 3-9: Corrected fluorescence spectra of the monomer emission region of pyrene
(5.0 x 107 M) in the presence of 5.0 x 10° M, (a); 10 x 10” M, (b); and 20 x 10”" M,
CEYYATID . csiismsnisanunnisssniesmsininsessssrss s snsssomssss sEamansa aR o ARG O R SNBSS PSRBT 71
Figure 3-10: The change in R(I/III) ratio of pyrene (5.0 x 107 M) in water (O) and
various Y-CD concentrations (0 =2.0x 10° M; +=5.0x 10° M; 0 = 10 x 10” M; x
=20 x 10* M) with the addition of iodide quencher. The various R(I/III) values at
slightly different quencher concentration for the same y-CD concentration indicate
the precizion axneng SEVeral T8I, s mmmnaimismmmissssmniosmmmmiisssam o 73
Figure 3-11: Comparison of normalized experimental excimer emission intensity (O) to
calculated values () based on the formation mechanism (Scheme 3-1) and the
corresponding equations as described in the text. The equilibrium constants used in
the calculation were K,,, =310 M", K,,=85M", and K,, = 1.3 x 10° M. The line
through the experimental data points is not a fit, but rather a smoothed line through
the data points to facilitate the comparison of points. ..........cccoveeiiciieiiiiiinieciiinnen. 95
Figure 3-12: Comparison of normalized experimental excimer emission intensity values
(O) to calculated values as calculated based on a step-wise formation mechanism
similar to Scheme 3-1 and on the equilibrium constants proposed by Kobayashi™:
K,,=35M"K,;,=310M",and K,, = 1.9 x 10’ M", and , K,, = 1.1 x 10° M"' (O)
and Kano': K,, =20 M", K,,=200M", and K,, =5 x 10° M" (0). The calculated

values were normalized at 10 x 10°* M y-CD, as this was the value of highest 2:2



——[

XV

concentration, whereas the experimental data was normalized to one at 5.0 x 10° M
v-CD. The line through the experimental data is not a fit, but rather a smoothed line
through the data points to facilitate the comparison of points. ...........cccccoeeeiiiieennee. 97
Figure 3-13: The calculated fractions of the pyrene species ina 5 x 10”7 M pyrene
solution in the presence of various y-CD concentrations. The calculated values are
based on Scheme 3-1 and Equation 3-5 to Equation 3-10 and the equilibrium
constants K, , =325M", K,, =110 M", K,, = 1.5 x 10° M" and 5.0 x 107 M pyrene
in Y-CD. The pyrene species are free aqueous pyrene (O), and the pyrene: y-CD
complexes of the stoichiometries 1:1 (A), 1:2 (X), and 2:2 (0). The lines through the
data points do not show a fit, but are included only to aid in following the trends. . 98
Figure 4-1: Stopped-flow traces monitoring the change in excimer emission intensity
upon mixing aqueous pyrene (5 x 107 M, initial concentration) with aqueous y-CD
of the following initial concentrations: O=1x 10°M;A=2x 10°M; 0=5x 10"
M; X =10x 10°M; 0 =20 x 10° M. Note that the final concentrations are half of
the initial concentrations. The PMT setting for these traces was 400.0 V and the off-
SBt WS 110 V., ooirincrmimmnasosamsnsensmmneesusompsssnsessamsomsssomespessapssssmssss s aspasesssssesyassses 104
Figure 4-2: Stopped-flow traces monitoring the change in excimer emission intensity
upon mixing pyrene (5x 107 M) iny-CD (O=1x10°M; A=2x10°M; O0=5x
10° M) with water. Traces A and 00 were performed on the same day, with a PMT
setting of 400.0 V and an off-set of 1.00 V; the trace O was taken on a different day
with a PMT setting of 440.0 V and an off-set of 3.00 V. ........ccoviiiiiiiiiiiiiieee 105
Figure 4-3: Stopped-flow traces monitoring the change in excimer emission intensity

upon mixing pyrene (5 x 107 M) in y-CD (O=1x 10°M; A=2x 10°M; 0=5x




XVi
10° M; +=10x 10" M; X =20 x 10" M) with pyrene (5 x 107 M). The PMT

setting for these traces was 420.0 V and the off-set was 3.90 V.......................... 106
Figure 4-4: Steady-state fluorescence spectra used to compare the change (i.e. relative
increase) in excimer emission intensity to the direction of change of the excimer
emission intensity in the stopped-flow traces of corresponding final concentrations
(after mixing). Left spectrum: pyrene (5.0 x 107 M) in y-CD (a=2.0x 10° M; b =
(intensity of spectrum, a)/2 to account for initial dilution in the stopped-flow system;
¢ =1.0x 10° M). Right spectrum: pyrene (5.0 x 107 M) in y-CD (a= 10 x 10”* M;
b = (intensity of spectrum, a)/2 to account for initial dilution in the stopped-flow
system; € = 5.0 X 107 M. oooviiiiiiiiecceeecc e 107
Figure 4-5: Stopped-flow traces monitoring the change in monomer (a) and excimer (b)
emission intensity upon mixing 5 x 10”7 M pyrene (aq) with 10 x 10* M y-CD. The
traces were collected on different days; the PMT setting of (a) was 525.0 V with an
off-set of 3.00 V, while the settings of trace (b) were 450.0 V and 3.00 V,
TESPECLIVELY. ..ttt 108
Figure 4-6: The observed rate constants (k,, ) of several mixing scenarios depend on the
final 1:1 pyrene: y-CD concentration, as calculated based on steady-state equilibrium
constants (K,, =325M", K,, =110 M", K,, = 1.5 x 10° M™"). The various mixing
scenarios include: (ia) 5 x 107 M pyrene (aq) with y-CD (aq); (ib) 1 x 10°M
pyrene (aq) with y-CD (aq); (ii) 5 x 10”7 M pyrene in y-CD with water. The solid
line corresponds to the fit of the data to Equation 4-5..............ccocoiiiiiiiiininnn. 109
Figure 4-7: Stopped-flow traces monitoring pyrene excimer emission upon mixing

aqueous pyrene (5 x 107 M) with y-CD of initial concentrations (before mixing): O



XVii
=10x10°M: A=20x 10°M: O=30x 10°M; X =40 x 10" M. See text below

for significance of dashed lines and arrows. ...........cccooovoiiiiiiiniiiiiiiiiiiiecec 113
Figure 4-8: The change in amplitude that occurs in the stopped-flow traces monitoring
excimer emission intensity upon mixing 5 x 10”7 M pyrene with y-CD (10 x 10° M
to 40 x 10 M before mixing) between ~ 0.100 s and < 1.0 s (Figure 4-7) depends on
the final concentration of the 1:2 pyrene: Y-CD cOMPIEX. .....cuwsassmmssmssummesssussese 114
Figure 4-9: Stopped-flow traces monitoring pyrene excimer and monomer emission
upon mixing aqueous pyrene (5 x 107 M) with y-CD of initial concentrations of 10 x
10° M (O = excimer emission; X = monomer emission) and 30 x 10° M (A =
excimer emission; O = MONOMET EMISSION). .......eeiviieiiieeeieieeeeieeeeeieeeeeeeeeeeeeas 116
Figure 4-10: Time-based fluorescence traces of solutions that were manually mixed in a
1:1 ratio to simulate the stopped-flow experiments on long-time scales. The top
traces monitor excimer emission; the bottom traces monitor monomer emission.
The mixing scenarios include: a =35 x 107 M pyrene (aq) + (30 x 10 M) y-CD (aq);
b =5x 107 M pyrene (aq) + (10 x 10° M) y-CD (aq). The control experiments
include mixing two solutions of the final equilibrium concentrations together: ¢ =
2.5 x 107 M pyrene (aq) + (15 x 10” M) y-CD (aq); d = 2.5 x 107 M pyrene (aq) + (5
x 10° M) y-CD (aq ). The traces on the right emphasize the relative change in

monomer or excimer emission intensity with time. ............ccceeeeeeieiiviniieeeeeeeeeenns 120



XViil
LIST OF SCHEMES
Scheme 1-1: Combined dynamic and static quenching mechanisms by quencher, Q, on
35 (a1 1017 ), USSP 15
Scheme 1-2: Mechanism of excimer formation and a representation of excimer kinetics.19
Scheme 1-3: Various proposed equilibria and their corresponding equilibrium constants
based on the above model of step-wise complex formation between pyrene (py) and
cyclodextrin (CD). The complexes reported vary per study and on the CD used.... 39
Scheme 3-1: Equilibria present in the pyrene/ y-CD SyStem. .........ccccceveevrueerieiiieenenns 86
Scheme 4-1: Equilibria present in the pyrene/y-CD system as described in Chapter 3. 100
Scheme 4-2: Thermodynamic and kinetic parameters of the pyrene/ y-CD system based
on stopped-flow kinetic data (normal font), and compared to thermodynamic
equilibriom constants (bold font, Chapter 3). ...sessmmmssssssinssamnsrssssnissimisssins 124
Scheme 4-3: Possible implication of the kinetic results of the pyrene/ y-CD system. Of
the multiple stoichiometric complexes present, the kinetically driven product is of
the stoichiometric ratio (probe - CD,), while that of the thermodynamic mass

balance product is (probe-CD,) where n > 2.........ccccovviiiiieiiiiiiiiiicccecceeeee 128



I, III

IC
IRF

ISC

o
k%
obs

kO

X1X

List of Abbreviations

pre-exponential factor of component, i
Angstrom (1 x 10" m)

cyclodextrin

final equilibrium concentration of species, n
change in concentration of species, n

molar absorption coefficient (M cm™)
fluorescence

hour

highest occupied molecular orbital

Plank’s constant (6.626 x 10 Joule seconds)
intensity

peak 1 (0-0 transition) and peak 3, respectively, in the pyrene fluorescence
emission spectrum

iodide ion

internal conversion

instrument response function

intersystem crossing

intrinsic decay rate constant

rate constant for natural fluorescence
observed rate constant

natural radiative rate constant



em

ex

LUMO

MCA

M]

nr
n:n
PMT
PPO

Py

O

m

quenching rate constant

association rate constant
dissociation rate constant
equilibrium constant

equilibrium constant for n:n guest: host complex
Stern-Volmer constant

wavelength (nm)

emission wavelength

excitation wavelength

lowest unoccupied molecular orbital
mole/litre

multichannel analyzer

concentration of excited state molecule, M
non-bonding

non-radiative

stoichiometry of guest: host complex
photomulitiplier tube

2,5- Diphenyloxazole

pyrene

quencher

fluorescence quantum yield

radiative

monomer intensity ratio

XX




R(I/111)

XX1

ratio of emission intensities of peaks I and III in pyrene’s fluorescence
emission spectrum

second

singlet ground state

n" excited singlet state

single-photon counting or single-photon counter

time

time-to-amplitude converter

n" excited triplet state

lifetime (photophysics terminology) or relaxation time (relaxation kinetics
terminology)

average lifetime

intrinisc lifetime (in the absence of quencher in Stern-Volmer analysis)
observed lifetime (of component, 1)

natural radiative lifetime

frequency (s")



XXI11

ACKNOWLEDGEMENTS

I would like to express thanks to several people who assisted me throughout the
undertaking of this thesis. My gratitude goes out to Cornelia Bohne, my supervisor, who
guided and motivated me in my research; other members of the research group, including
Luis Netter, for their ideas and support; to special friends and family members who

supported me in both words and actions.



1. Introduction
1.1 Photophysics

The interaction of light with matter has the potential to alter the nature of the
material. For example, it may induce a chemical reaction or change the quantum states of
a molecule. The former case is referred to as photochemistry, whereas the latter is
photophysics. Knowledge of the photophysics of molecules, or how light interacts and
alters the quantum states, may lead to information not only on the mechanism of
photochemical reactions, but may also allow one to study the chemical nature of complex

systems.

1.1.1 Photophysical processes

Molecules undergo photophysical processes upon the interaction with light of
certain energy. Depending on the energy of the light used, different transitions are
possible. The energy of light most commonly used to induce electronic transitions in
organic molecules is that in the ultra-violet (UV) and visible regions of the
electromagnetic spectrum. Smaller amounts of energy are required for rotational and
vibrational transitions. The specific interaction between a particular molecule with light
occurs only if the light energy, or quantized packet called a photon, equals the difference
in electronic energy levels of the molecule. As indicated by Equation 1-1, this change in
energy is related to h, Plank’s constant (6.626 x 10 J x s); v, the frequency of the light

(s™); c, the speed of light (3.0 x 10® m/s); and A, the wavelength of the light.



AE:hv:’l%1

Equation 1-1

When absorption of light occurs, the electron in the lower energy level ground-state is
promoted or energized to a higher energy level. In closed-shell organic molecules, the
ground-state energy level, which is the highest occupied molecular orbital (HOMO), is
often a bonding o, 7 or non-bonding (n) orbital. The upper energy level, which is the
lowest unoccupied molecular orbital (LUMO), is usually an anti-bonding 6™ or 7’
orbital'. The most common transition for alkenes, alkynes, and aromatic molecules is the
7> T transition, whereas compounds containing a carbonyl group often undergon = 1’
transitions. Upon the absorption of light, or the promotion of electron(s) to higher energy
levels, deactivation back to the ground state may occur through a number of processes,
including radiative or non-radiative decay (Figure 1-1). Which of these processes occurs
depends on factors including the aforementioned specific electronic state of the

individual molecule, solvent interactions, or the presence of other molecules.
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Figure 1-1: Jablonski Energy Diagram: Radiative processes include absorption,
fluorescence, and phosphorescence; non-radiative processes include internal conversion,

intersystem crossing, and vibrational relaxation.

All of the processes depicted in Figure 1-1 are unimolecular in nature. The
radiative transitions are absorption, fluorescence, and phosphorescence, and will be
discussed in more detail in the next section. The non-radiative processes include
vibrational relaxation, internal conversion and intersystem crossing. Vibrational
relaxation occurs between vibrational levels of the same electronic state, e.g. between v =
2> v=00f S, Insolution, this occurs very rapidly (<10™ s)? due to collisions with
solvent. Internal conversion occurs between different electronic states of the same
multiplicity, e.g. S, = S,. Intersystem crossing is a forbidden non-radiative process that

occurs between different electronic states of different multiplicity, e.g. T, = S,.




1.1.2 Steady state measurements of unimolecular processes
1.1.2.1 Absorption spectra

The probability for light absorption to occur is related to factors such as the exact
energy of the light and the strength of the transition, i.e. there is a larger probability of
absorption to occur for an allowed transition than a fo;bidden transition. The likelihood
of absorption also depends on the polarizability of the molecule, or how well the electron
density is distortable. This is because as light interacts with the molecule it induces a
dipole moment in the electron cloud, i.e. “promotes” an electron from one type of orbital
to another. The probability of the transition is expressed in the molar absorption
coefficient, €, which is included in the Beer-Lambert absorption law used when
experimentally measuring absorption (Equation 1-2). The other terms involved in the
equation include I, the intensity of incident light; I, the intensity of transmitted light; c,
the concentration of the absorbing species; 1, the pathlength through which the light

travels.

A=-log(lyp) = ecl

Equation 1-2

The absorption spectrum is related to the difference between the molecule’s
excited state and ground state structures, the molecule’s rigidity, and solvent interactions.
According to the Frank-Condon principle, the strongest electronic transition is where

there is the largest overlap of vibrational wavefunctions between the ground and excited
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states. The energy at which this occurs depends on the difference between a molecule’s

ground and excited state structure. For example, this occurs at a lower energy if there is
little change in nuclear configuration between the two structures as opposed to if they
differ considerably. A second factor influencing the spectrum is the molecule’s rigidity.
A rigid molecule, having fewer vibrations and therefore fewer ground state
configurations, is more likely to have a vibrationally structured absorption spectrum
when compared to a flexible molecule. However, the absorption spectra of solutions
often do not have vibrational fine structure due to de-population of the vibrational excited

states as a result of the interactions between solvent and the excited state molecule.

1.1.2.2 Fluorescence emission spectra

Fluorescence is a radiative deactivation process that occurs between electronic
states of the same multiplicity, e.g. S,=> S, (Figure 1-1). This opposes phosphorescence
which occurs between electronic states of different multiplicity, e.g. T, S,. The former
process is allowed whereas the latter deactivation transition is forbidden according to spin
selection rules, although it does occur due to spin-orbit coupling. As a result,
phosphorescence is a much weaker transition than fluorescence, and occurs over a much
longer time period making it experimentally more challenging to measure.

Experimentally, fluorescence emission is measured by keeping a constant
excitation energy and monitoring the intensity at various emission wavelengths.
Fluorescence emission most often occurs from the lowest vibrational level of the excited
electronic state because vibrational relaxation to this level is a very fast process. The

result of fast vibrational relaxation in the excited electronic state is that emission occurs



at a lower energy, i.e. longer wavelength, than its corresponding absorption energy (see
Figure 1-1). Radiative decay from v = 0 of S,, for example, may drop the electron to any
of the vibrational levels of S,. As such, the emission spectrum may contain vibrational
fine structure. A shift in the peak maxima of absorption and emission spectra, also
known as the Stokes shift, indicates the difference in nuclear location or overall structure
between the ground state and excited state species. For example, a large Stokes shift
usually indicates that the structure of the excited state is very different from that in the

ground state.

1.1.2.3 Fluorescence excitation spectra

Excitation spectra differ from fluorescence spectra in that the former monitors
excitation wavelength or energy as a function of constant emission wavelength, whereas
the latter monitors emission energy as a function of constant excitation energy. In other
words, by monitoring a particular emission wavelength, the probability of absorption or
excitation of a molecule to an excited state capable of emitting at that frequency of
radiation is related to the intensity in the excitation spectrum. Excitation spectra are
useful in determining whether more than one species are present in solution. This
differentiation between species can only occur, however, when the emission spectra of
the two species differ in energy. By monitoring different emission wavelengths, i.e.
unique to each species, one obtains a simulated absorption spectrum which is the
excitation spectrum of that particular species. This differs from the absorption spectrum

which always corresponds to the sum of the absorption of the two species.




1.1.3 Kinetics of unimolecular processes
1.1.3.1 Lifetimes

The absorption of light occurs very rapidly. Deactivation kinetics, however,
commonly occur on the nanosecond to microsecond time scale, which is experimentally
measureable using several instruments. The time taken for deactivation to occur is an
important source of information about the molecule’s reactivity and the environment
around it.

The time taken for the concentration of an excited species to fall to 1/e of its
initial value is known as its lifetime, T. The “natural” radiative lifetime is the time taken
for radiative decay of an excited species to occur in the absence of any other competitive
process, such as internal conversion and intersystem crossing. Its disappearance is a first

order process, i.e. depends on the first power of [M"] (Equation 1-3)".

—d, % iorst
'E;‘[M]—kr[M]

Equation 1-3

The radiative rate constant, k,°, may indicate either one of the radiative processes, i.e
fluorescence or phosphorescence. The “natural” radiative lifetime, 1.°, measured in
seconds, is the inverse of k.° (s™).

The experimentally determined deactivation kinetics involves all processes of the
system, including both radiative (r) and non-radiative (nr) decay pathways. That is, the

“Intrinsic” decay rate constant, k,, is given by Equation 1-4.




k, = k;) + Ky

Equation 1-4

If the radiative process is fluorescence, and the non-radiative processes are intersystem
crossing (ISC) and internal conversion (IC), the rate law for the disappearance of [M] is

given in Equation 1-5.

—d * * *
— M= (kf +kisc +kic) M 1=k, [M ]
Equation 1-5

Integration of Equation 1-5 leads to Equation 1-6 where [M'], is the initial concentration

of the excited species.
(M*]=[M"], exp !

Equation 1-6

The measured fluorescence lifetime (Equation 1-7) is the inverse of the intrinsic decay

rate constant, k,. For most organic molecules, this value is on the nanosecond time scale.

1 1

(k§ +kisc +kic) ko

To

Equation 1-7



1.1.3.2 Quantum Yields
The fluorescence quantum yield, ¢;, is given as the number of photons emitted as
fluorescence relative to the total number of photons absorbed. In terms of rate constants,

this may be presented as Equation 1-8.

Equation 1-8

1.1.4 Time resolved fluorescence emission measurements: Single photon counting
Fluorescence lifetimes are measured using the time-correlated single photon
counting technique. This is a measure of fluorescence in the time domain, rather than the
energy domain as in steady state fluorescence measurements. It is a very informative
technique, as it is highly sensitive and differentiation between species is possible. This is
especially useful in supramolecular systems which are quite heterogeneous, as it is
possible to differentiate between species with similar steady-state emission spectra but
different lifetimes. A schematic diagram of a single photon counter is shown in Figure

1-2.
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Figure 1-2: A schematic representation of a single photon counter adapted from

reference 3. See text for explanation of parts corresponding to the appropriate number as

illustrated in the figure.
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The light source (1.) in a single photon counter is often a flash lamp that uses
various gases, such as N, or H,. The duration of the pulse is around 2 ns. This is an
important limiting factor in determining the time resolution of measureable lifetimes
using this technique. The excitation and emission wavelengths used are set using two
different monochromators (2. and 3.). Upon excitation of the sample (4.), the
photomultiplier (PMT) detector attached to the excitation source (5.) is simultaneously
triggered resulting in an electrical signal which is sent to the time-to-amplitude converter
(TAC) (6.). Once the ‘start’ trigger is detected by the TAC, a voltage ramp that is linear
with time begins. Emission of the first photon from the sample is then detected by a
second PMT (7.). This sends a ‘stop’ signal to the TAC, and the voltage difference
between the start and stop triggers is related to a time delay. A count is then stored in the
pre-calibrated multichannel analyzer, MCA (8.) in the appropriate channel that
corresponds to the time delay between the ‘start’ and ‘stop’ pulses as received from the
TAC. The accumulated distribution of counts stored in each channel of the MCA then
represents the time dependence of the fluorescence emission of the sample from which
lifetime information is obtainable. It is important that only single photons are detected so
that the counts distribution in the MCA follows a Poisson statistical distribution. This is
achieved when the rate of photons counted is less than 2% of the rate at which excitation
pulses are generated’. Further, for accurate lifetime analysis to be possible, a minimum
of 10,000 counts should be collected in the channel of maximum counts.

As indicated by Equation 1-6, first order decay processes are exponential in
nature. Thus, when more than one species is present in solution, lifetime fitting is done

using a sum of exponentials equation, Equation 1-9, where I(t) is the intensity or number
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of counts (as a function of time); a, is a pre-exponential factor of component, i; t is time;

and 7, is the fluorescence lifetime of component, i.

1= aexp(~Y)
i=1 '

Equation 1-9

It is important when ﬁttihg the exponential decay curve to account for the shape
of the lamp pulse as it is not finite. Thus, after some molecules have already decayed, the
tail end of the excitation pulse may still be exciting other molecules. The non-finite lamp
pulse can be accounted for by measuring the instrument response function (IRF) using a
scattering sample irradiated at the same excitation wavelength as the sample. Upon
fitting the experimental decay curve, this lamp profile is deconvoluted out of the
simulated decay curve. It is the best fit of this simulated curve to the experimental data
that is used to extract lifetimes. The parameters, as well as their acceptable values used
in determining best fits, are described in Chapter 2, section 2.3.3.2 (Single photon

counting).

1.1.5 Bimolecular photophysical processes
Bimolecular processes are those requiring the interaction between two species,

such as A + B - 2C, where the rate law is given by Equation 1-10%.
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Equation 1-10

However, most bimolecular processes are experimentally pseudo-first order, where one
of the reagents is present in excess. This simplifies the rate law significantly, because if

[B]>>[Al], [B] can be considered constant and Equation 1-11 applies. In this case, k,, =

k x [B].
A dr= kobs[A]
Equation 1-11

Integration of Equation 1-11 leads to Equation 1-12, which follows first order kinetics.

[A]=[Al, exp(=kppst)

Equation 1-12

1.1.5.1 Quenching

Quenching is a deactivation pathway for excited state molecules in addition to
those previously discussed in sections 1.1.1 and 1.1.3. As quenching provides an
additional deactivation pathway, it reduces the measured lifetime of the excited state
molecule. This is especially useful to study microheterogenous systems, e.g.
supramolecular systems, where molecules may be present in various environments. That

is, because quenching is bimolecular in nature: M"+ Q - M + Q, the change in lifetime
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upon the addition of quencher can indicate the degree of protection the molecule, M, has
from Q, thereby indicating what sort of environment it is in.

The rate for the disappearance of M” in the presence of quencher is given by
Equation 1-13, where k, is defined generally in Equation 1-4 and specifically to

fluorescence measurements in Equation 1-5.

M )= oM 1+ kg [M110)

Equation 1-13

Quenching studies are commonly done under pseudo-first order conditions where
[QI>>[M’]. As such, the observed rate constant may be obtained as a first-order
exponential function as is the case for unimolecular radiative lifetime measurements
using single photon counting. In the presence of quencher, the observed lifetime, T,
decreases by a factor k [Q] as depicted in Equation 1-14, where K, is the intrinsic rate

constant (s™) and k, is the quenching rate constant (M''s™).

1
Tops = ———————
obs ko +kq[Q]

Equation 1-14

Quenching may occur through a number of mechanisms, including energy
transfer, electron transfer, or charge transfer. Further, the interaction may be collisional

in nature, i.e. dynamic quenching, occur upon complexation of probe and quencher
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before excitation, i.e. static quenching, or may occur over long ranges. A combination of

the dynamic and static quenching mechanisms are represented in Scheme 1-1.

M* + Q 2= M™MQ)*

kq[Ql

A o | mva | vy, kor | Avs A
M +Q 25 MQ
Keq
o Dynamic Quenching Static Quenching ~

Scheme 1-1: Combined dynamic and static quenching mechanisms by quencher, Q, on

molecule, M.

1.1.5.2 Stern-Volmer analysis

The kinetics of dynamic quenching, as depicted in Scheme 1-1, are given as a
lifetime in Equation 1-14. Upon separation of terms and using the inverse relatioh of 1
and k (Equation 1-7), one arrives at Equation 1-15 where 7, is the lifetime of the probe in
the absence of quencher, Q; T, is the observed lifetime in the presence of quencher; and

k, is the quenching rate constant.

L=l

Tobs To

Equation 1-15

After multiplying Equation 1-15 by T, one arrives at the ratio:
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To

=1+ rokq[Q]

Tobs

Equation 1-16

where the product Tk, is known as the Stern-Volmer constant, Ksy. A similar expression
can be arrived at for steady state fluorescence measurements (Equation 1-17). This is
possible as the intensity of fluorescence emission is proporptional to the fluorescence

quantum yield', which in turn is proportional to the lifetime (Equation 1-8).

L _ %
& Tobs

=1+ T,k, 0]

Equation 1-17

The Stern-Volmer constant may be determined experimentally by plotting the
intensity or lifetime ratios (I/I or T,/T) versus the quencher concentration. The slope of
such a plot reveals Kg,. It is important to note that Equation 1-17 is only valid for the
dynamic quenching mechanism. When this is the case the Stern-Volmer plot is linear.
When static quenching is involved, the fluorescence emission intensity decreases as
fewer fluorophores are available to emit light. However, the lifetime of the fluorophore
remains unchanged, as the additional (quenching) deactivation route is essentially
instantaneous and the unquenched fluorophores remain unperturbed’, resulting in T./T,,, =
1. As such, steady state fluorescence emission measurements and time-resolved data are

both required to fully determine the quenching mechanism.
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In microheterogeneous systems, such as supramolecular systems, where time-
resolved data are often multi-exponential, it is still important to compare the lifetime data
to steady-state experiments to determine whether the quenching process is dynamic,
static, or a combination of the two. The degree of static quenching involved in
supramolecular systems becomes an important consideration when one wants to
determine the accessibility of the quencher to the probe molecule, i.e what sort of
environment the probe is in. This is because only the dynamic quenching mechanism
reveals the degree of protection from an external quencher. In order to relate steady-state
and time-resolved data, the integrated fluorescence emission spectrum, which is the sum
of all emitting species, must be related to an average of the multiple lifetimes. The
average lifetime, <t>, is given by Equation 1-18°. The denominator in Equation 1-18 is
equal to 1, as the sum of all pre-exponential factors is normalized to 1 when fitting the

lifetime data.

2.a;T;
<7>=-14

a;
l

Equation 1-18

The use of this “amplitude average lifetime” is favored over the weighted “intensity
average lifetime” (Equation 1-19), as the latter emphasizes the longer lived

component(s), which is dangerous when static quenching occurs™®,.
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2
_ 24T
2.a;T;

<T>

Equation 1-19

Static quenching may be indicated by a very fast decay component in the time-resolved
analysis, rather than only a non-radiative decay component as indicated for static
quenching in Scheme 1-1. As such, this fast decay component would be underestimated
when using Equation 1-19 ®. However, even if a fast component is not detected, Equation
1-18 represents the total integrated area under the decay trace, which is related to the area
under the steady-state spectrum®®. If there is a component of static quenching involved,
<T>/<T> (using “amplitude average” lifetimes) is expected to lie below I/I in a Stern-

Volmer plot®.

1.1.5.3 Excimer formation
The formation of excimers, or excited dimers, is another mechanism of
quenching, as it provides an additional deactivation pathway for an excited state

monomer species (Scheme 1-2):
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M* + M ﬁ MM)*

th, k hv2,

komonomer koexcimer

M+M *—

Scheme 1-2: Mechanism of excimer formation and a representation of excimer kinetics.

In the above scheme, a molecule, M, is excited into its singlet state and is
followed by a collisional interaction with a ground state species of the same molecule'’.
The resulting species, formed through a bimolecular reaction with a rate constant k,, is an
entity unique from either the individual ground state or excited state monomer. The
excimer is present only in the excited state. It has its own photophysical properties, i.e.
fluorescence emission spectrum, hv,, and lifetime, T,”“™, which is equal to the inverse of
the excimer emission radiative rate constant, k,"“""“'. This is equivalent to monomer
kinetics as defined in Equation 1-7. Once the excimer decays to the ground state it
immediately dissociates into two (ground-state) monomer species. The absorption
spectrum of a solution containing excimers is not altered from its corresponding excimer-
free solution, indicating that excited dimers are indeed dissociated in the ground state’.

Evidence of excimer formation is provided using steady-state and time-resolved
fluorescence emission spectroscopy. Steady-state excimer emission is characterized by a
broadened, red-shifted emission band, i.e. relative to the monomer emission band. The
reason for this characteristic emission may be seen from the excimer potential energy

diagram in Figure 1-3. As excimer formation brings two molecules closer together, the

excimer emission is to a higher energy level on the ground state surface than the emission
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of the individual monomer molecules. Excimer emission is therefore of lower energy or
longer wavelength than the monomer emission. A further consequence is that the
vibrational levels at this point are so closely spaced that they are nearly a continuum.
This results in a lack of vibrational fine structure in the excimer emission. ‘Monomer
emission, however, which may fall to the ground state surface where the vibrational

levels are discrete may contain vibrational fine structure.

potential energy

M+M

intermolecular separation

Figure 1-3: Potential energy diagram of monomer and excimer emission (adapted from

reference 1).

Time-resolved fluorescence measurements also reveal information regarding
excimer formation. As excimer formation is essentially a quenching mechanism for the
monomer species, an additional deactivation rate constant is added to the denominator as

in Equation 1-14, and the observed lifetime of the monomer is decreased. This additional
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quenching mechanism, i.e. excimer formation, is seen as the top equilibrium of Scheme
1-2.

Time-resolved measurements at the excimer emission wavelength also provide
information on excimer formation kinetics and the excimer lifetime. As the excimer is
not formed instantaneously upon excitation, i.e. a collision between a ground state
molecule and an excited state molecule must occur, there is an initial growing in of
excimer emission after the excitation pulse. This initial growth corresponds to excimer
formation kinetics as does the fast decay component of the monomer lifetime. As such,
these two rate constants should correspond with one another. The monomer and excimer
emission kinetics are fitted to the sum of two exponentials, and the two exponential
factors are related to the monomer and excimer lifetimes, as well as the association

(k,[Py]) and dissociation (k) processes’.

1.2 Stopped Flow

Stopped flow, also referred to as a concentration- jump technique, is used to study
the kinetics of reactions on the millisecond to minute time scale. The technique is based
on a mixing process of two solutions that results in a perturbation of the initially
equilibrated chemical system(s), and the relaxation to the new equilibrium state is
monitored and analysed as a function of time. As such, the fastest kinetic measurements
this techinique can monitor are for those systems in which the re-equilibration is slower
than the time required for the mixing process and for transport of the solution to the
detection system to occur. On a modern stopped-flow apparatus, this is typically done

within 2 ms. Absorption and fluorescence spectroscopy are two dectection methods that
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the stopped flow technique can use to measure the re-equilibration as a function of time.

A schematic representation of a stopped-flow apparatus is shown in Figure 1-4.

-2 7. Light
Stop |il__—' e /Lamp

S ] Power
Data Analyzer 1 6. 5. Supply
(Photometric / ’ : —
Control Unit) ! r— \ Monochromator
/  Handling \
! Unit \

Temperature
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Figure 1-4: Schematic diagram of a stopped-flow apparatus. See text for explanation of

parts corresponding to the appropriate number in the figure.

The two solutions to be mixed are held in glass reservoir syringes (1a.) that are

screwed into the sample handling unit (1.), and fill the drive syringes (1b.) that are
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contained within a controlled thermostat bath (1c.). Below these drive syringes is the

drive ram (1d.) which is operated using compressed gas. The solutions are mixed
together rapidly (usually within 0.5 ms) right after the drive ram (1d.) pushes the drive
syringes (1b.) up. The solutions flow through the tubing to the mixing chamber or cell
block (2.), and on to the stop syringe (3.). The total volume of solution moving through
the system can be controlled at the stop syringe. Once the set volume of mixed soluti;)n
has ﬁl_led the stop syringe, the flow of solution is instantly stopped and the computer is
triggered to start data collection (4a.,4b.). The time taken for the mixed solution to reach
the optical cell and for the solution to stop flowing is known as the dead-time, and is
typically 1.5 ms. As the solutions are mixed before data collection, stopped-flow
measures the re-equilibration of the newly perturbed system as opposed to the mixing or
the dilution of the initial systems.

A continuous light source (5.) is used for the excitation energy in the stopped-
flow apparatus. The monochromator (6.) sets the absorbance/ excitation wavelength, and
the light reaches the cell block via a fibre optic light guide (7.). The emission may be
measured using either a second monochromator or an emission cut-off filter. As with
regular absorption and fluorescence specroscopic measurements, absorbance is detected

180° from the light source, while fluorescence detection is 90° to the excitation light.

1.3 Cyclodextrins
1.3.1 Structure and properties
Cyclodextrins are cyclic oligomers containing o.-D-glucopyranose units that are

covalently linked through glycosidic 1,4 bonds, as labelled in Figure 1-5.
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Figure 1-5: End-on view of y-cyclodextrin showing the numbering of the carbon atoms

in each glucose unit. (Diagram adapted from reference 10.)

The three most common cyclodextrins (CDs) are c, 3, and y-CD. They differ in the
number of glucose units they contain, i.e. 6, 7, and 8, respectively, and therefore their
cavity sizes vary. The CDs are essentially cone shaped, the larger diameter end
containing 2n secondary hydroxyl groups and the narrow end containing n primary
hydroxyl groups, where n is the number of glucose units. As such, the cavity diameters

range from 4.7 — 5.2 A for a-CD, 6.0 — 6.4 A for B-CD, and 7.5 — 8.3 A for y-CD". The
heights of the cavities are constant for all three CDs, at 7.9 — 8 AX

The interior of the CD cavity is quite hydrophobic whereas its exterior is
relatively hydrophilic, owing to the several hydroxyl groups lining the rims. The

opposing polarities make CDs useful as hosts for inclusion complexes, as they may host
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hydrophobic guest molecules in polar media. This is especially useful when studying

biological systems as an aqueous medium allows for the best simulation of the actual
environment. The various sizes of the CDs allow molecules of different sizes to be
included into each of the three cavities. It should be noted, however, that the CD cavity
is not a rigid structure and different conformations are possible'', which may alter the
expected inclusion capability of the CDs.

An interesting difference between the CDs is the difference in their water
solubility levels. The solubility limit of B-CD is well below that of the other two CDs
(Table 1-1). This significant difference is one indication that generalities made between
CDs, including complex formation comparisons, must be made with caution as the

differences in properties among CDs may not be as simple as merely size variations''.

Table 1-1: The aqueous solubility limits and the pK, of the various CDs at 25°C. Data

taken from reference 11.

Cyclodextrin Solubility in water | pKa (25°C)
(mol/L @ 25°C)

a-CD 0.1211 12.33

B-CD 0.0163 12.20

v-CD 0.168 12.08
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1.3.2 Complexation of organic molecules to cyclodextrins

Supramolecular complexes are those that form from several individual molecules
through specific non-covalent interactions. For example, inclusion of certain guest
molecule(s) within CD cavities form host-guest complexes that are stabilized through
non-covalent interactions. The driving forces for the formation of such complexes have
been deduced based on experimental data. Such driving forces include: 1) the release of
‘high-energy’ water from the CD cavity; 2) hydrophobic interactions; 3) hydrogen
bonding between the guest and CD; and 4) induction forces (e.g. dipole- induced
dipole)"'. In general, it has been proposed that the stability of the CD inclusion complex
varies in relation to how much of the hydrophobic part of the guest molecule is included
within the hydrophobic CD cavity'?. That is, a complex that incorporates a large portion
of the hydrophobic moiety of guest into the hydrophobic CD host will be more stable
than a complex that incorporates a hydrophilic moiety and/or leaves a hydrophobic part
outside the CD cavity. Further, stability is thought to increase as the amount of free
space within the included cavity decreases'’. This latter conclusion is based on many
studies that involve the addition of a third space-filling molecule, such as alcohols, that

result in the formation of three or four component complexes of increased stability'*"¢,

1.3.2.1 Determination of species present in equilibrium in CD systems

Host-guest systems involving CDs may be quite complex, involving several
species of various stoichiometries. Techniques used to determine the number of species
present and their stoichiometries include absorption spectroscopy, steady-state and time-

resolved fluorescence measurements, together with quenching experiments.
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The presence of isosbestic point(s) in the absorption spectra of a probe molecule

with the addition of host is a good indicator that two species are present in equilibrium.
That is, if the two species present in equilibrium, A and B, have the same molar
absorption coefficient, €, at an absorbing wavelength, A, then the absorption spectrum
will go through the same point under all conditions, i.e. as the equilibrium shifts. This is
because the only terms that vary in the experimental absorption equation are the
concentrations of the two species which shift as the equilibrium shifts. Howeve;, the sum
of the concentrations does not vary. Alternatively, the absence of an isosbestic point
indicates that more than two species are likely present'™'®. As the number of different
absorbing species increases, the chances of them all having the same € at a certain
absorbing wavelength is very small and therefore no isosbestic point would be observed.
It should be noted, however, that the lack of an isosbestic point is not solid evidence for
the presence of more than two species, as the two complexes may not have the same € at
any absorbing wavelength.

The quenching of an excited state probe is a useful methodology in determining
the species present in CD systems. The principle of this methodology is based on the fact
that the inclusion within a CD complex acts as a shield to protect the probe molecule
from quenching. Thus, as quencher is addpd, an included species will be shielded to a
larger degree relative to a more exposed probe. Experimentally, these species can be
differentiated as the emission intensity of the protected species will remain higher and its
lifetime will remain longer than for the exposed probe. In steady-state emission
measurements, a Stern-Volmer plot (see section 1.1.5.2) of a system with more than one

type of complex present which have different degrees of exposure will lead to a non-
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linear plot. For example, in a study of pyrene in 3-CD'®, the Stern-Volmer plot of pyrene

being quenched by tryptophan resulted in an intially linear plot which then levelled off at
higher quencher concentrations. This result was a good indication that a more protected
pyrene/ CD complex was present, such as a 1:2 pyrene: -CD complex.

The addition of a quencher to the supramolecular system also results in a bigger
difference between lifetimes for excited states located in different environments. After
quencher is added, the more protected probe will not change its lifetime to the same
degree as will the more exposed probe. As such, whereas before the addition of quencher
the lifetimes of the various species may be quite similar and therefore not distinguishable,

the various lifetimes will become substantially different after quencher is added.

1.3.2.2 Determination of equilibrium constants in multiple stoichiometric systems
Equilibrium constants may be determined by using any physical or photophysical
property of the host or guest that changes on the formation of the complex'?. These

24
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include chemical shifts in NMR spectra'®?, changes in absorption spectra®*, changes in

steady-state fluorescence spectra'>!4!7-1%3%

, or lifetime data'**®. A larger change in the
physical property being measured allows K, to be determined more precisely. The
computational method by which these changes are analyzed to extract K, will vary,
however, based on the number and stoichiometry of complexes present. In the case
where only a 1:1 host:guest complex is present, K, is often evaluated using the Benesi-

Hildebrand method”. However, in the case where several different species are present

simultaneaously, in particular when two probes enter one or two CDs, this method is not
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applicable. Rather, the (photo)physical change seen on complexation is multivariable
and a different analysis technique is used.

When more than one probe molecule is involved in the complex, excimer
emission may be observed. The change in excimer emission intensity on CD addition
(and therefore complexation) is related to the concentration of the complex. However, as
the emission quantum yield of the complex is not known, its exact concentration is not
known. As such, the emission intensity values are normalized at a certain CD
concentration. The experimental values of excimer concentration are then compared to
calculated values, based on a particular model for complex formation and various
équilibrium constants. The equilibrium constants are then taken as the values used in the
calculation for which the best comparison between experimental and calculated values
were obtained. (See Chapter 3 for the calculation equations and the corresponding model
for complex formation of the pyrene/ y-CD system.) This method has been used by
several authors to study the complexation of various probes to CDs, including 2-
naphthyl-1-ethanol to B-CD '°, 1-cyanonaphthalene to B-CD ¥, and 2-methylnaphthalene
to B-CD and y-CD"". In the first of these examples, the presence of a 1:1 and 2:2 complex
was assumed. In the latter three examples, comparisons were made using calculated
values based on the multi-probe complex consisting of a 2:1 probe: CD complex as well
as a 2:2 complex. As the fits for the 2:1 complex could not fit to the experimental data
within reasonable error, the excimer emission was concluded to come from a 2:2
complex. Representative equilibrium constants for several probe molecules to B-CD and

Y-CD with multiple stoichiometry are listed in Table 1-2.
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Table 1-2: Equilibrium constants for various multiple stoichiometric probe: CD systems.

Probe CD Temp Ko robe: cp / M reference
(O
Naphthalene B-CD |25 K, =685 30
K., = 4000
- B-CD |25 K,, = 340+ 40 18
Methylnaphthalene K,, = 5820
1= B-CD |25 K,, =630 = 70 18
Ethylnaphthalene K,.,= present but not
| reported
7 B-CD |25 K,,=1190% 40 17
Methylnaphthalene K,,= 1400
3 B-CD |25 K, = 2000+ 200 18
Ethylnaphthalene K,,=3370
Pyrene B-CD | room K,.,=120 - 260 26
temp. K,,=70-280 K,., found by (0.5-
K. xK,=3x10" |2xK,
M?)
Pyrene B-CD |20 K,,=3545 25
| K,,= 177 - 709 K., found by (0.5-
Ki.,.xK,,=374x 2)x K,
10* (M?)
- B-CD |25 K., = 120 = 10 27
Cyanonaphthalene K,,=7x10*
2- v-CD |25 Ki,=9%+3 17
Methylnaphthalene K,,=3.38x 10°
Sodium 4-pyren-1- | y-CD | 25 K;, = 1300 ¢4
ylbutyrate K,,=52 x 10*
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Pyrene vCD |25 K,., =300 31
K,»,=170
K,,=13x10°

Pyrene v-CD | ambient |K,,=35 32

temp K,,=310

K,,=19x 10’
K,,=1.1x10*

Pyrene YCD |25 K,,=20 - 113
K,,=200
K,,=5x10°

1.3.2.3 Dynamics of CD systems

Contrary to the large number of reports available on the stability of cyclodextrin
complexes, significantly fewer studies have looked into the dynamics of these systems.
The techniques used to study the dynamics of the systems are quite variable, and the rates
that have been reported vary by orders of magnitude. For example, for various 1:1
naphthylazobenzenes: a-CD complexes, the association rate constant varied from 2.8 M’
's't0 5.2 x 10’ M''s™ *; however, values of association rate constants for large organic
molecules in aqueous CD solutions forming 1:1 probe: CD complexes have also been
reported as being as large as (1-5) x 10* M's ** to “diffusion controlled”*. The
dissociation rate constants have also been found to vary significantly for the 1:1
naphthylazobenzenes: o--CD complexes, from 0.01 s™ to 1.3 x 10° s . The dissociation
rate constants of other 1:1 systems involving B-CD as the host, including excited triplet
xanthone, pyrene, and naphthalene, vary from (8.4 £ 0.7) x 10°s"%,5x 10*s™ *, and 1 x

10°s™ *, respectively.
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The dynamics of multiple stoichiometric CD systems have also been studied to a

small extent. Several of these systems have shown slow kinetics, occuring on the
millisecond time scale. For example, the 2:2 2-naphthyl-1-ethanol: -CD complex was
found to have a dissociation rate constant of (0.2 —2.5) x 10* s ', whereas the
dissociation rate constant from the 1:1 complex was found to be (1.8 £0.7) x 10°s™ *°. In
other multiple stoichiometric systems, the slow dissociation is reported as being due to
the 2:1 guest: CD complex whereas the 2:2 complex is believed to be relatively fast, i.e.
beyond the time resolution of the measuring technique. For example, for Tropaeolin 000
No. 2 in y-CD, the rate constants for the slow 2:1 system were found to be (2.27 = 0.61) x

10° M's™ for association and (1.35 +0.23) x 10* s for dissociation®’.

1.3.3 Cyclodextrin applications

Due to their low toxicity, biodegradibility, and relatively low cost, cyclodextrins
are favorable hosts for many applications. For example, cyclodextrins have been used to
improve the aqueous solubility of several hydrophobic drug molecules thereby providing
simpler drug formulations and improved up-take of the drug'>. Conversely, the
encapsulation may slow down the rate of release of certain molecules, which is important
in the case of reducing the smell or taste of undesirable aromatic compounds'.

Cyclodextrins have also been used to separate guest molecules from a mixture by
acting as the stationary phase in column chromatography. That is, a strong interaction
between the stationary host CD and mobile guest will result in good separation of guest
from the mixture. This is because the guest will be maintained in the column, i.e. in the

CD, while the other non- interacting molecules move out of the column'®.
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Organic synthesis also takes advantage of CD cavities, as they may be used as

reaction vessels. For example, the close proximity between two molecules when they are
both included in one CD cavity increases the probability and facility for a reaction to
occur'?. It is important to note that in all of the above examples the strength of the
interaction and the association and dissociation kinetics between CD as host and the guest

molecule(s) are important factors in the various applications of the CDs.

1.4 Pyrene
1.4.1 Physical properties
Pyrene is a polycyclic aromatic hydrocarbon, with a molecular structure as shown

in Figure 1-6.

Figure 1-6: Molecular structure of pyrene

The dimensions of pyrene are reported as being 10.4 A long and 8.2 A wide®"®,
The thickness of the molecule could be approximated as being equal to that of benzene,
3.4 A¥%,

The aqueous solubility of pyrene is very low. Its limit in water is reported as

being 1.6 x 10° M'**2. If the molecule is not thoroughly dissolved, pyrene microcrystals
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can form which may lead to pyrene excimer formation, as seen by excimer fluorescence’.
This leads to inconsistent and inaccurate experimental results due to the variation of free
aqueous pyrene concentration in solution. Pyrene also tends to adsorb onto glass
surfaces, which can lead to experimental uncertainty. For these reasons extreme care

must be taken when preparing pyrene solutions.

1.4.2 Photophysical properties

Pyrene is a-well studied photophysical probe molecules due to its many favorable
and informative photophysical characteristics. These include highly sensitive and
revealing fluorescence emission characteristics based on the polarity of its
microenvironment, its ability to form excimers at high concentrations in numerous
solvents or when in confined media, a very long singlet lifetime, and a high fluorescence
quantum yield.

The fluorescence lifetime of molecules is inversely proportional to the absorption
oscillator strength, or the probability for light to be absorbed*'. As pyrene’s lifetime is
relatively long, its S, = S, transition probability is quite weak. As such, the strong
absorption of the S, > S, transition (maximum near 335 nm) is often used to excite the
pyrene molecule. In solution, internal conversion from S, to S, is faster than the lifetime

of pyrene, which allows radiative processes from the S, state to be studied.

1.4.2.1 Solvent polarity effects
The fluorescence emission spectrum of pyrene is very structured, consisting of

five vibronic peaks in the 370 nm to 400 nm wavelength region. The relative intensity of
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these peaks varies, depending on the polarity of pyrene’s environment. In particular, the

emission of the first peak (0-0 transition at ~371 nm) is the most sensitive, increasing in
intensity with the polarity of the solvent. Alternatively, peak III at 383 nm varies the
least with solvent polarity. The reason for this sensitivity to solvent polarity is related to
the Ham effect, as seen for benzene where the intensity of the forbidden vibronic band is
enhanced with solvent polarity**.

By taking the relative intensity ratio of peak I (371 nm) and peak III (383 nm) in
the pyrene emission spectrum, one can determine the degree of polarity of pyrene’s
microenvironment. A representative sample of R(I/III) ratios for pyrene in various
solvents is shown in Table 1-3. It should be noted that the ratio is sensitive to
experimental conditions and may therefore be different for experiments performed in

different laboratories.



Table 1-3: Dependence of R(I/III) of pyrene on solvent polarity, as exemplified in

various solvents.

Solvent R(I/III)
water 1.509; 1.64 + 0.02 3)**
acetone 1.47®

ethanol 1.10®

cyclohexane 0.60% ; 0.49®

a) Values taken from reference 40; b-i) Values obtained under our experimental |
conditions; b-ii) [pyrene] = 5.0 x 107 M, T = 20.0 + 0.02 °C, excitation and emission slits

= 3.0 nm. The error is the standard deviation of three trials.

Environment sensitive probes are very useful in the study of supramolecular
systems, including host-guest and micellar complexes®, as well as in bile salt
aggregates®. They help indicate the location of the probe within the non-covalent
structure, and may offer information as to the stoichiometry of the host-guest complex

formed (see also section 1.4.3).

1.4.2.2 Excimer formation

At a high enough pyrene concentration, pyrene forms excimers. This is evident in
the fluorescence spectra of increasing pyrene concentration where the excimer emission
intensity increases at the expense of the monomer intensity. The fluorescence emission

of pyrene excimer is quite red-shifted relative to the monomer emission. In cyclohexane
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and ethanol, the wavelength of maximum intensity for the excimer emission is 480.8 nm.
This is a significant red-shift relative to the pyrene monomer, which is at 371.7 nm and

373.8 nm in the above solvents, respectively’.

1.4.2.3 Fluorescence quantum yields and lifetimes -

The quantum yield of fluorescence for the pyrene monomer is quite high, making
it a favorable probe molecule, as only a small concentration is required to give significant
and sensitive fluorescence measurements. The lifetime of singlet-state pyrene is also
very long, even when compared to other organic probe molecules (Table 1-4). A p’.robe
molecule with a long fluorescence lifetime is advantageous in studying supramolecular
systems, as the decrease in lifetime upon quenching of the fluorophore within the
supramolecular complex, can be measured using a time-resolved single-photon counting

apparatus.



Table 1-4: Comparison of fluorescence quantum yields and lifetimes of pyrene and

naphthalene in various solvents (de-aerated, unless otherwise specified).
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Compound | Solvent Quantum yield of fluorescence, | Lifetime
[\ (ns)
pyrene® Cyclohexane 0.65 450
Ethanol 0.65 475
95% ethanol 0.44 290
Acetone 0.50 330
pyrene Water (aerated) | -- 130%; 128°
naphthalene® | Cyclohexane 0.19 120
95% ethanol 0.12 52

a) Data from reference 9. Measurements taken at room temperature. b) Data from

reference 26; aerated solution; ¢) Data from reference 16; aerated solution.

1.4.3 Complex formation with cyclodextrins

Pyrene is a well-studied photophysical probe in the absence and presence of CDs.

It has been studied in the presence of o, 3, and y-CD using several spectroscopic

methods, including absorption spectroscopy, steady-state and time-resolved fluorescence

spectroscopy. However, results among various authors are not consistent, both in the

stoichiometry of the equilibria proposed and the equilibrium constants evaluated for the

systems. The proposed complexes formed are shown in Scheme 1-3.
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Ki-1 g = py=CD]
py+CD  =—%® py-CD " [pyl[CD]
K12 K =w_]
py-CD + CD o—® CD-py-CD 2" [py - CD][CD]
K2:1 K. = Py-py-CD]
py-CD + py =——> py-py-CD *'" [py - CD][py]
K2:2 [CD-py - py -CD]
: K,y =
py-CD +py-CD —® CD-py-py-CD 22~ 1oy - CD][py - CD]

Scheme 1-3: Various proposed equilibria and their corresponding equilibrium constants
based on the above model of step-wise complex formation between pyrene (py) and
cyclodextrin (CD). The complexes reported vary per study and on the CD used.

1.4.3.1 Pyrene in y-Cyclodextrin

As metioned in section 1.4.1, a reason for the inconsistent literature results in
pyrene/ CD complexation is due to pyrene’s very low aqueous solubility. Further, the
formation of microcrystals leading to excimer emission not related to the excimer
emission due to the complexation within the confined CD cavity is another source of
experimental error. As such, some authors have moved to use more soluble pyrene

derivatives, such as the charged 4-pyren-1-ylbutyrate ion'>*'

to study inclusion
complexation with CDs. In this case, the absorption spectrum shifted 180 cm™ to the red
(longer wavelength, lower energy) upon the addition of y-CD. As no change in the

absorption spectrum was seen on the addition of individual glucose units, the shift was

concluded to be due to the inclusion of the pyrene derivative into the CD cavity, and not



40

due to complexation to its exterior”. This red-shift in the absorption spectrum is
commonly seen upon the addition of CDs to pyrene solutions®. Isosbestic points have
also been reported in the absorption spectra for pyrene in the presence of y-CD (below 5
x 10° M) at 322 nm, 327nm, and 336 nm*'. This would indicate that only two species are
present in equilibrium below 5 x 10° M y-CD.

The fluorescence emission spectrum of pyrene changes in the presence of y-CD.
An increase in excimer fluorescence emission with increasing y-CD indicates the
presence of a 2:1 or a 2:2 pyrene: y-CD complex, since no excimer emission is present in
the absence of y-CD. The characteristic excimer emission of pyrene has only been seen
in the presence of y-CD, the largest CD.

Another feature in the absorption spectrum of the pyrene that occurs upon the
addition of y-CD is broadening of the red-shifted tail’'. The loss of absorption resolution
and an increase in excimer fluorescence emission intensity upon the addition of the CD
indicates interactions between ground state pyrene molecules. That is, these
spectroscopic results support the formation of a ground state pyrene dimer within the y-
CD cavity (or cavities).

To determine the mechanism that leads to pyrene excimer emission in the
presence of y-CD, other spectroscopic information is useful. This includes excitation
spectra as well as the relative monomer to excimer intensities at different excitation
wavelengths. In the former, a shift or broadening of the excitation spectrum indicates
that a species other than the pyrene monomer is being excited. In the formal excimer
formation mechanism, the excitation spectrum of excimer emission should yield the same

spectrum as that monitoring the monomer emission. This is because one must excite the
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monomer before the excimer is formed. If, however, another species is being excited to

yield excimer emission, the excitation spectra will differ. This is what has been seen for
pyrene in y-CD*. The dependence on excitation wavelength of the emission spectrum,
i.e. relative excimer to monomer emission intensities, is related to the above argument. If
the excimer is formed from a ground state dimer, the emission intensity in the excimer
region will increase relative to the monomer emission at longer excitation wavelengths
where the dimer absorbs, i.e. in the broadened red-shifted area in the absorption
spectrum. This is because a larger percentage of dimer is being excited. This also has
been reported for the pyrene/ y-CD system*.

There is a change in the intensities of the pyrene monomer vibronic emission
bands on the addition of the CD. Not only is there an overall decrease in monomer
emission (up to 5 x 10° M y-CD) due to the formation of excimer, but the relative
intensities between peaks I and III also vary. That is, the R(I/III) ratio decreases as the y-
CD concentration increases. The change in the R(I/III) ratio with y-CD concentration has
been used to extrapolate equilibrium constants. However, this method has not proven
successful, as in deriving the equations the assumption that only one pyrene monomer

3845 and is not valid.

complex is present is often made
The lifetime of pyrene has also been shown to increase on the addition of y-CD.
For example, the lifetime of pyrene monomer increases from around 130 ns in aerated
water”* to 215 ns ¥, 213 ns', and 250 ns * in the presence of 10 x 10 M y-CD.
The presence of excimer emission has led to the proposal of various equilibria

(Scheme 1-3) between pyrene and y-CD, including 2:1 and 2:2 stoichiometries. Various

experiments have been designed to verify which of the stoichiometries is present in
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solution. Hamai proposed that if the pH of the excimer containing solution was higher
than the pK, of the hydroxyl groups of y-CD (12.08, see Table 1-1), the excimer emission
intensity should decrease if the stoichiometry of the complex was a “barrel-type”*' 2:2
complex. This would occur as the facing deprotonated hydroxyl groups of the two CDs
would repel one another causing the complex to fall apart. The results of the experiment
indicated that the complex was indeed a 2:2 complex, as the excimer emission intensity
decreased substantially above pH = 11.5. A second experiment involving pyrene-
appended y-CD units was performed** that also led to the conclusion that the excimer
emission was due to the formation of a doubly encapsulated pyrene dimer, based on data
including a pH experiment. Upon acidification of the highly basic system (pH > 12.70),
the pyrene excimer emission was recovered®. The use of increasing basicity to
determine that the stoichiometry of the excimer emitting species was from a 2:2 complex
has been done with other probes, including 2-methylnaphthalene in B-CD"’, 1-
methylnaphthalene in B-CD', 2,2’: 5°, 2’’- terthiophene in y-CD*, and 2, 5-
diphenyloxazole in y-CD*'. In this last case, the excimer emitting species was proposed
to arise from linear aggregates of 2, 5- diphenyloxazole within y-CD, i.e. of stoichiometry

greater than 2:2.

1.4.3.2 Pyrene in -Cyclodextrin

As indicated in Table 1-2, literature results of the equilibrium constants for

pyrene: B-CD are inconsistent and imprecise. Although this is the case, the proposed

stoichiometries of the species present are consistent. That is, several studies conclude
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that a 1:1 and a 1:2 complex forms'**?. The lack of excimer emission was used to

indicate that no 2:2 or 2:1 pyrene: B-CD complexes formed.

The inconsistent and imprecise values obtained for equilibrium constants in the
pyrene: B-CD system is primarily a result of the data analysis method used. As
mentioned above, the use of the R(I/III) value to extract equilibrium constants has proven
quite unsuccessful as the calculation often assumes the presence of only one species ***.
When a step-wise formation mechanism for the formation of a 1:1 complex followed by a
1:2 pyrene: B-CD complex was proposed, the variation in K,.,/K,., was very broad, 0.5-
272 when the R(I/IIT) values were used for the analysis.

R(I/III) ratios have been used to qualitatively support other evidence as to the
degree of protection a CD gives the fluorophore, and therefore the possible stoichiometry
of the complex. For example, quenching pyrene with tryptophan in the presence of -CD
yielded an overall decrease in R(I/III) until a plateau was reached. This indicated only a
very well protected (monomer) species was left unquenched in a quite hydrophobic
environment, such as the previously proposed 1:2 pyrene: B-CD complex'®. It is
important to note that the use of R(I/III) for determining the stoichiometries of the species
present is only possible with the addition of quencher. This is because the degree of
change in R(I/III) with the addition of CD only may only indicate the degree of complex

formation, i.e. a faster drop in R(I/III) ratio may not indicate the presence of a more

hydrophobic 1:2 complex, but rather a favorable 1:1 complex equilibrium.



1.4.3.3 Pyrene in o-Cyclodextrin

A study of pyrene with the smallest CD indicated that no complex forms between
the host and guest, as relatively insignificant changes in the absorption and fluorescence
spectra were seen upon the addition of «-CD*. This was rationalized in terms of the
sizes of the structures, with pyrene being too large to be included within the small CD
cavity. However, a second study proposed the formation of a 1:1 followed by a 1:2
pyrene: a-CD complex®. The R(I/IIT) value was reported as being closer to the value in
water than when in the presence of the larger CDs. This was thought to be due to the
large pyrene molecule unable to be fully encapsulated by the smaller (two) o.-CD
cavities, and was therefore in a more polar, i.e. aqueous environment, than if it were more

fully encapsulated by the hydrophobic CD cavity.

1.5 Objectives of thesis

Several cyclodextrin studies have centered around the characterization and the
stability of the inclusion complexes formed within CD cavities, as discussed in section
1.3.2. A significantly fewer number of studies have looked into the dynamics of the
formation and dissociation of the inclusion complexes. Several examples were given in
section 1.3.2.3. The rate constants varied considerably for different systems. In
particular, the study of 2-naphthyl-1-ethanol in the presence of B-CD' indicated that the
dissociation rate constant of the 2:2 probe: CD complex was two orders of magnitude
slower than the dissociation rate constant of the 1:1 complex. The reason for this
difference, however, is unclear. One hypothesis is that the slow dissociation dynamics

are a result of structural features of the guest(s) which leads to particularly stable
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inclusion complex containing more than one CD. A second hypothesis for the slow
dynamics is that CDs aggregate independently of guest(s) to form stable multiple
stoichiometric systems, regardless of the probe molecule(s). Thus, the rate limiting step
in the complexation kinetics would be the dissociation of the CD oligomers. The goal of
this work was to study other guest: CD systems with multiple stoichiometry to help
differentiate between these models. That is, we wanted 1) to characterize guest: CD
complexes where species of multiple stoichiometries are present. The characterization
must be done first so that a model for the dynamic mechanism may be proposed and
validated; ii) to look at the dynamics of the guest: CD systems and to formulate the
dynamic mechanism of the system. We would see whether the dissociation dynamics
were slow, and if so, examine the relationship between the guest(s) structure and guest:
host stoichiometries with the observed dynamics. The results could have considerable
impact on how CDs are used in practical applications, as well as their use as models of
supramolecular complexes.

The probe and cyclodextrin used in this study were pyrene and y-CD. As the
characterization of the system proved to be quite difficult, no other probe: CD systems
were investigated. However, the methodologies used for the characterization of the

system will be used as a model for future studies.
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2. Experimental
2.1 Materials

Pyrene (py) (Polysciences Inc. or Aldrich, 99%) was recrystalized once from 95%
ethanol. An aerated aqueous solution of 5.0 x 10”7 M pyrene gave a monoexponential
fluorescence decay curve with a lifetime of 131 ns, which is comparable to literature
results*. The absence of a fast decay component in the decay trace indicates the absence
of any impurity capable of quenching pyrene, as such a decay was previously observed
for impure pyrene samples. The lack of a fast component also indicates the lack of
excimer formation at the low pyrene concentration employed, as this too would appear as
a fast decay component due to quenching of the excited pyrene molecule by a ground-
state pyrene.

Y-Cyclodextrin (y-CD), a generous gift from Cerestar (Lot E 8056 or F 8025-12),
Was used as received. Sodium iodide (Nal, 99% BDH, or 99+% Aldrich,),
tetrabutylammonium iodide (Sigma-Aldrich ion-pair reagent), ethanol (95%), methanol
(99.8% spectrograde ACP), acetonitrile (min 99.8% HPLC grade CALEDON), potassium
hydroxide (KOH, min 85% ACP), sodium hydroxide (NaOH, min 97.0% ACP), 2-
propanol (min. 99.5% CALEDON) were also used as received. The water used for all
aqueous solutions was deionized through the SYBRON Barnstead system. The buffers
used to calibrate the pH meter were pH = 7.00 + 0.02 and pH = 10.00 + 0.02 (at 25°C)
(Fischer Scientific Instrument Company buffer solution).

The glassware and stir bars used for pyrene solutions were soaked in a base bath

(KOH, iso-propanol, ethanol, water) for less than 1 h, followed by soaking in soap water
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and tap water for about 2 h each, and then rinsing vigorously in deionized water and

methanol before solution preparation. The rigorous cleaning method was necessary to
prevent pyrene adsorbed on the glassware from previous solutions to contaminate fresh

solutions. ‘

2.2 Sample preparation |
2.2.1 Preparation of aqueous pyrene solutions

Aqueous pyrene solutions (0.25 x 10° M, 0.50 x 10® M, and 1.0 x 10 M) were
prepared by diluting a methanolic pyrene stock solution (2.5-3.5 x 10 M) into deionized
water. Gastight glass syringes were used for injection. The aqueous solutions were
allowed to stir overnight to fully dissolve the pyrene. Due to its low aqueous solubility,
pyrene has been known to aggregate and form excimer emitting microcrystals in water
solutions'®. The absence of pyrene microcrystals in the solutions used was evident from
the lack of excimer fluorescence emission and any excimer decay kinetics at the low
pyrene concentrations used. For further dilutions of the aqueous pyrene solution, the
appropriate amount of the aqueous stock solution was dispensed with an eppendorf

pipette, diluted with water, and allowed to shake or stir over night.

2.2.2 Preparation of pyrene/ y-CD solutions

Pyrene/ y-CD solutions were prepared by either of two methods. In one method,
the methanolic pyrene stock solution (2.5 x 10 M - 3.5 x 10? M) was diluted to the
desired concentration by injection directly into a previously prepared aqueous y-CD (2.0

x 10° M - 10 x 10° M) solution. The second method used to prepare pyrene/ y-CD
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solutions was to first make an aqueous pyrene stock solution (0.25 x 10° M, 0.50 x 10

¢ M, or 1.0 x 10 M) as described above. The appropriate amount of solid y-CD (1.0 x
10° M - 40 x 10 M) was then diluted with the aqueous pyrene solution and allowed to
stir over night. As pyrene’s solubility in water increases in the presence of y-CD, the
latter method of solution preparation is preferred”?, however, data obtained by the two
methods of sample preparation were comparable. All experiments were done in aerated

solutions.

2.2.3 Preparation of solutions for quenching studies

Iodide was used as the quenching agent in all quenching experiments. For
aqueous quenching studies, a concentrated aqueous stock solution of known
concentration of sodium iodide (Nal) was prepared (~ 2 M), of which 10 puL increments
(up to 60 pl.) were added to the aqueous pyrene or pyrene/ y-CD solutions. Gastight
glass syringes were used for injection of the quencher into the solutions. The purity of
Nal (for the absence of other quenchers) was confirmed by comparing the Stern-Volmer
constant (Kgy) of the steady- state (Kgy = 169 £ 5 M, 4 trials) and time- resolved
fluorescence (Kgy = 154 M, 1 trial) quenching data of an aqueous pyrene solution to
previous results (141 M" ®).

Tetrabutylammonium iodide was used as the quenching agent for quenching
studies in the organic solvent, acetonitrile. A concentrated stock solution of
tetrabutylammonium iodide (~1 M) was prepared from which a 20 pL portion was added
to the concentrated pyrene (in acetonitrile) solution. Gastight glass syringes were used

for injection of the quencher into the solutions. The pyrene in acetonitrile solution (~10 x
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10° M) was prepared by dissolving a weighed amount of pyrene by the appropriate

volume of solvent.

2.2.4 Preparation of solutions for pH study

An aqueous sodium hydroxide solution (0.257 M, pH = 13.06 at 22.4°C) was used
to increase the pH in the pH-dependent study. Increments of 10 puL to 50 pL of the base
were added to the pyrene/y-CD solution (prepared as described in section 2.2.2) using a

gastight glass syringe.

2.3 Instrumentation
2.3.1 pH measurements

pH measurements were taken using a Cole-Parmer® digital benchtop pH meter.
Measurements were taken in the pH/autolock mode. Temperatures of the solutions were
measured using an ATC temperature probe. The temperature of the solutions was 23.0 +
0.5°C. The instrument was dual point calibrated before use using pH = 7.00 + 0.02 and

10.00 = 0.02 buffers.

2.3.2 UV-Vis absorption spectroscopy

UV-Vis absorption spectra were taken on a Varian Cary 5 spectrophotometer at
room temperature. The slits were set to a bandpass of 2.0 nm, while the scan rate was
200 nm/min over 200 nm to 450 nm. Baseline correction with air was always used.

Correction of spectra was done by subtracting the absorption spectrum of solvent
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(including y-CD) after setting each spectrum to zero at a wavelength where both solutions

do not absorb light.

2.3.3 Fluorescence spectroscopy
2.3.3.1 Steady state fluorescence

Steady state fluorescence measurements were made on a Photon Technology
International® QuantaMaster™ (QM-2) Luminescence spectrophotometer. The program
ran using FeliX™ software. The excitation source was a Xenon lamp (75 W). The
temperature of the sample cell compartment was held at 20.0 + 0.2 °C using a Haake F3
temperature control unit. Emission and excitation slit widths were set such that each
bandpass was 3 nm. The step size and integration time were usually 0.5 nm and 0.25 s,
respectively. Measurements of the solutions were taken using either 1 cm x 1 cm (exact
dimensions) quartz fluorescence cells or with 1 cm x 1 cm (approximate dimensions)
quartz cells. The latter cells were not employed for quantum yield measurements for
which it is necessary to know the exact pathlength. For fluorescence emission spectra,
the excitation wavelength was usually 331 nm, while emission was monitored from 345
nm to 550 nm. Fluorescence excitation spectra were scanned and monitored at various
wavelengths. Corrected spectra were obtained by subtracting a spectrum of the solvent
(including y-CD where required) from the desired fluorescence spectrum. Data analysis
was performed using the Kaleidagraph ™ (version 3.08) program.

Time-based scans were run on the PTI® spectrophotometer to simulate
fluorescence detected stopped flow experiments at long collection times. The excitation

wavelength was 331 nm, while the emission wavelengths were either 400 nm or 473 nm.
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The excitation slit widths were set to a bandpass of 3 nm which is comparable to the

bandpass used on the stopped flow, while the emission slit widths were set to a bandpass
of 20 nm which is comparable to the interference filter (380 nm - 420 nm) and sharp cut-
off filter (transmitting at = 455 nm) employed in the stopped-flow experiments. The
temperature was maintained at 20.0 + 0.2 °C. To simulate the stopped flow experiments,
the two solutions were first allowed to equilibrate at the correct temperature by sitting
one solution in the cell sample compartment and the other in temperature bath for 10 min
before mixing. The solutions were then mixed in a 1:1 ratio (1000 pL volumes) using an
eppendorf pipette, and shaken vigorously. The dependence of the emission intensity with
time of the newly mixed solution was monitored within 30 s of initial mixing. A control
experiment was run in which two solutions, both containing the final concentrations of
pyrene and y-CD of the simulated stopped flow mixture, were mixed in a 1:1 ratio. This
was done for two reasons; first, the control verified that the change in emission intensity
over time was not due to a temperature effect, as the emission of the control mixture did
not change as did the experimental mixing scans under the same temperature conditions.
Secondly, the final concentration of the controls allowed one to see whether the mixture
had come to equilibrium, i.e. to the final concentration over the duration of the kinetic

scan. The kinetic scans were run for a duration of up to 1 h.

2.3.3.2 Time-correlated single photon counting (SPC)
Fluorescence lifetime measurements were done on a Photon Technology
International® LS-1™ time-correlated single photon counter. The excitation source

(nanosecond lamp) used hydrogen as the plasma gas. The excitation wavelength for
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aqueous pyrene and pyrene/ Y-CD system was 331 nm, while the emission wavelength

was 383 nm or 473 nm for the monomer or excimer decay, respectively. The temperature
of the sample cell compartment was maintained at 20.0 + 0.1 °C using the Lauda® Super
RMS-6 temperature control unit. Slit widths were set to 6.5 mm for a bandpass of 26 nm
for the aqueous pyrene solutions, and between 8.0 nm and 10.0 nm for the solutions of
pyrene in organic solvent. The maximum number of counts per channel collected varied
depending on the intensity of the emission. When reasonably possible, 10,000 counts
were collected in the channel of maximum intensity. For close-up decays (i.e. relatively
short time bases), 100 to 500 counts were collected, as these kinetic traces were used for
qualitative rather than quantitative analysis. The solutions were held in home-made
Supracil quartz cells. The scattering sample was an aqueous silica gel solution. The
excitation and emission wavelengths to collect the scattered light were 331 nm. The
scatterer is used to scatter light from the lamp to get the finite lamp profile. This profile
is deconvoluted out of the decay curve upon analysis, as this deconvolution process
accounts for the re-excitation of probe molecules that occurs as a result of the finite
excitation pulse. The lifetime(s) of the various species present in solution are extracted at
the same time as the deconvolution process. Lifetime analysis and fitting was done using
the PTI software. Fits were considered acceptable based on the following criteria: i)
Durbin- Watson Parameter (DW) greater than 1.7, 1.75, and 1.8 for single, double, and
triple exponential decays, respectively; ii) Runs Test (Z) Parameter, which indicates a
satisfactory fit at the 95% confidence level for Z > -1.96; iii) % in the range of 0.9 - 1.2.

Visual inspection of residuals and autocorrelation also helped deem data fitting
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acceptable, as these latter two criteria require random fluctuation around the centre line

and any pattern in fluctuation indicates a poor fit.

2.3.4 Stopped Flow
2.3.4.1 Experimental conditions

Kinetic measurements were made with a BioSequential DX-17MV Sequential
Stopped-Flow ASVD Spectrofluorimeter (Applied Photophysics) base system, using
updated SX.18 MV software and several hardware parts. The upgrades included a more
sensitive PMT detector, and non-reactive PEEK (polyetheretherketone) sample flow
circuit tubing. Measurements were made with the single mixing mode, where two
solutions are mixed in a 1:1 ratio. The light source was a Xenon Arc lamp (150 W).
Temperature was controlled using a Haake D8 temperature control unit, and was
maintained at 20.0 + 0.8 °C. Entrance and exit slits of the excitation monochromator
were set to 0.5 mm to 0.6 mm (corresponding to a 2.33 nm to 2.79 nm bandpass). The
excitation wavelength was 331 nm. Fluorescence was detected using interference or
sharp cut-off filters. The fluorescence of the pyrene monomer region was monitored
using an interference filter with transmission between its full width half maximum
(FWHM) coordinates of 385 nm and 423 nm, and a central wavelength of transmission of
404 nm (at 23.0°C) (Melles Griot, Lot # 13637). Pyrene excimer emission was monitored
using a sharp glass cut-off filter that transmits light above 455 nm (Melles Griot, Schott
glass type GG 455, Product Number 03FCG463). The PMT was set by running the most
emissive sample through the stopped flow apparatus first. Setting the initial voltage to

the highest possible value allows the PMT voltage to be maximized while ensuring it
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does not become saturated throughout the experiment. The off-set was then set between

3 Vto 4V to bring the initial signal near O V to keep the entire trace on the screen.
Experimental changes in voltage signal were usually between 0.100 and 1.50 V. The
drive rams were operated with nitrogen as the compressed gas, with a pressure set to 120
psi. Glass syringes of 10 mL volume were used to hold the solutions. To ensure that no
air bubbles were in the mixing tubing system before the cell compartment, the solution
was manually pushed through the drive syringe several times until bubbles were no
longer seen coming up out of the drive syringe. The solutions were then allowed to sit in
the drive syringes within the temperature controlled housing for 10 min to reach the

recorded temperature (20.0 + 0.8°C) before traces were taken.

2.3.4.2 Data analysis

The stopped flow traces were composed of an average of 1 to 10 runs, each of
which contained 1000 data points. The data were analysed using the SX.18MV software
which utilizes the curve fitting procedure based on the Marquardt algorithm (“based on
the routine Curfit in P.R. Bevingtons Data Reduction and Error Analysis for the Physical
Sciences 1969 McGraw-Hill” as described in the Sx.18MV Software section in the
Applied Photophysics SX.18MV Stopped-Flow Reaction Analyser User Handbook,
Dec.15, 1999). Where valid, data were fit to either a single exponential equation
(Equation 2-1) or a double exponential equation (Equation 2-2) where I is intensity, A is
total change in amplitude, k,, is the observed rate constant, t is time, and b is the
intensity of the endpoint. The numbers 1 and 2 in Equation 2-2 refer to the individual

components of the bi-exponential fit.
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I = Aexp(=kypst)+b

Equation 2-1

I = Ay exp(=k,ypst) + Ag exp(—k,psot) +b

Equation 2-2

It was not possible to fit some kinetic traces to these simple equations, but they were used
for qualitative analysis. These included the very slow kinetics (t ~ 2 s to 1000 s) of

pyrene in the presence of high y-CD concentrations (i.e. > 10 x 10° M).
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3. Characterization of the pyrene/ y- Cyclodextrin system
3.1 Results
3.1.1 Absorption spectroscopy
The absorption spectrum of pyrene in the presence of y-CD is slightly red-shifted
relative to that of aqueous pyrene (Figure 3-1). This is an indication that pyrene in the

presence of y-CD is in a different environment from that in homogeneous solution.
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Figure 3-1: Absorption spectra of pyrene (5.0 x 10”7 M) in water, (a); and in the
presence of 2.0 x 10° M, (b); and 10 x 10 M, (c) y-CD.
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There are likely more than two species present in equilibrium as no clear isosbestic points

are present in the absorption spectra. This contradicts Hamai’s results, as he reports the
presence of isosbestic points in the pyrene/ y-CD system at y-CD concentrations below 5
x 10° M. This discrepancy may be a result of errors due to the very low absorption
readings, as well as the difference in sample preparation methods between this work and
that of Hamai. As Hamai took measurements immediately after solution preparation, the
pyrene/ y-CD system may not have fully equilibrated. Therefore, only a relatively
insignificant amount of the multiple stoichiometric complex(es) may have been present at
low CD concentrations at the time of measurement. However, the broadening of the red-
shifted tail in the presence of high y-CD concentration was seen in both this and
Hamai’s® studies, and is an indication that a new pyrene species is present. This is
attributed to the formation of a ground state pyrene dimer (also see fluorescence data

below).

3.1.2 Steady state fluorescence spectroscopy
3.1.2.1 Emission in the presence of y-cyclodextrin

In aqueous solution, the fluorescece spectrum of pyrene shows five fine structured
vibronic peaks between 350 nm and 420 nm corresponding to the emission of pyrene
monomer. Upon the addition of y-CD, a broad, structureless peak above 450 nm grows

in at the expense of the fine structured emission (Figure 3-2).
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Figure 3-2: Corrected fluorescence spectra of pyrene (5.0 x 107 M) in the absence (a)
and presence of Y-CD (2.0 x 10° M, (b); 5.0 x 10° M, (c); 10 x 10° M, (d); 20 x 10° M,
(e). Inset: An enlargement of the excimer emission region at the various y-CD

concentrations is shown.

This broad, red-shifted emission is similar to that characteristic of pyrene excimer
emission. At the low concentrations of pyrene used in this work, this excimer emission is
absent without y-CD in aqueous solution. The intensity of the excimer emission
increases with y-CD concentration up to 5.0 x 10 M y-CD; beyond this CD
concentration, the excimer emission intensity decreases. This decrease congruently
correlates with a rise in intensity at the shorter (monomer) emission wavelengths (Figure

3-2 and Figure 3-3). The ratio of emission intensities at the excimer (473 nm) and
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monomer (383 nm) wavelengths, i.e. the excimer-to-monomer ratio, as a function of y-

CD concentration is shown in Figure 3-3.
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Figure 3-3: The excimer-to-monomer intensity ratio of 5.0 x 107 M pyrene in the
presence of various y-CD concentrations. The data have been corrected for monomer
emission at the excimer emission wavelength. The excitation wavelength was 331 nm.
Error bars indicate the average deviation of two trials; data with no error bars indicate

data from one trial.

The excimer-to-monomer intensity ratio is calculated after correcting for
monomer emission at the excimer emission wavelength, as the pyrene monomer also
emits at 473 nm. The intensity of the monomer emission at 473 nm is calculated by using
the monomer intensity ratio, R, which involves the emission intensities close to 473 nm

and 383 nm of an aqueous pyrene solution, i.€. (Ly73 um, py.aq)(I383 am, py.aq) 10 the absence of
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CD. The corrected excimer emission intensity is calculated by subtracting out the

monomer emission at 473 nm from the experimental intensity at 473 nm (Equation 3-1).

Reference to the correction is made when it is specifically used.

Iexcimex‘(corrt‘,cted) = I473 nm I383 nm (Rm)

Equation 3-1

The various changes in fluorescence emission intensities indicate that pyrene
forms several complexes with y-CD at different host concentrations. The initial decrease
in the intensity of the monomer emission is a result of the pyrene excimer formation. As
this does not occur in aqueous solution alone, it is attributed to the formation of a
complex in which two pyrene molecules are held within y-CD. As will be discussed in
this chapter, this complex is a 2:2 pyrene: y-CD complex. The excimer intensity decrease
and corresponding monomer emission increase at higher y-CD concentrations is
attributed to the formation of a doubly encapsulated pyrene monomer, i.e. a 1:2 pyrene: y-
CD complex.

The excimer-to-monomer ratio for pyrene in the presence of y-CD is dependent
on the excitation wavelength. The excimer emission intensity is dramatically increased
when the excitation wavelength is red-shifted to the broadened part of the absorption
spectrum of pyrene in the presence of 10 x 10° M y-CD, i.e. at 350 nm. This indicates
that a species other than pyrene monomer exists in the ground state in the presence of -
CD which gives rise to excimer emission. This is attributed to the formation of a ground

state dimer (see also 3.1.2.3).
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3.1.2.2 pH dependence of fluorescence emission in the presence of y-cyclodextrin
The excimer emission of dilute pyrene solutions in the presence of y-CD is
attributed to the formation of a complex with 2:2 stoichiometry. One piece of evidence
for this stoichiometry is seen in the dependence of the excimer-to-monomer ratio of
emission intensities as the pH varies. That is, the pK, of the hydroxyl groups in y-CD is
12.08. Hamai’' previously showed that an increase in pH to the pK, leads to a decrease
of the excimer emission for the pyrene/ y-CD system. We repeated these experiments
for our experimental conditions ((0.67-1.0) x 10° M pyrene and (3.3-5.0) x 10° M y-CD).
That is, the initial concentrations of pyrene and y-CD used were 1.0 x 10° M and 5.0 x
10° M, respectively. As a relatively large amount of base was required to increase the
pH of the system to above 12, the concentration of the pyrene and y-CD decreased
throughout the experiment, i.e. to approximately 0.67 x 10° M pyrene and 3.3 x 10> M y-
CD. However, the use of the excimer-to-monomer ratio as a measure of excimer
emission intensity created an internal calibration method. Thus, by knowing the excimer-
to-monomer ratio in various pyrene/ y-CD concentrations at neutral pH (i.e. Figure 3-3),
it was possible to compare the ratio at increased pH with a solution of neutral pH at the
same concentration. A decrease in the excimer-to-monomer ratio is observed as the pH
increases (Figure 3-4). The ratio at pH 12.7 is 0.05, while it is significantly higher (0.3-
0.4) in solutions of neutral pH of approximately the same concentrations. These results

confirm that the excimer emission of pyrene involves two CDs.
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Figure 3-4: Dependence of the excimer-to-monomer ratio for pyrene ((0.67-1.0) x 10
M) in the presence of ((3.3-5.0) x 10° M) y-CD as the pH of the solution increases. The
data were corrected for monomer emission at the excimer emission wavelength (473 nm)

as described in the text, using a 1.0 x 10°M pyrene, aqueous solution.

3.1.2.3 Excitation spectra

The excitation spectra of the pyrene monomer in the presence of y-CD is slightly
red-shifted relative to that in aqueous solution. The increasing red-shift from 0 M to 2.0
x 10° M to 10 x 10° M y-CD (Figure 3-5) indicates that the pyrene responsible for the

monomer emission is progressively incorporated into several different environments.
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Figure 3-5: Excitation spectra of pyrene (5.0 x 107 M) monomer emission (A, = 383
nm; a, b, ¢) and excimer emission (A.,, = 473 nm; d, e, f) in water (a, d), and in the
presence of 2.0 x 10° M y-CD (b, €), and 10 x 10° M y-CD (c, f). The spectra monitoring

monomer and excimer emission were normalized at 320 nm to 2 and 1, respectively.

Excitation spectra of the pyrene excimer emission, i.e. monitoring at 473 nm, are
red-shifted and broadened relative to the spectra of the monomer emission at each of the
corresponding y-CD concentrations. This result indicates that the emission in the excimer
region is due to the excitation of a species other than the pyrene monomer. This is
evidence for the formation of a ground state pyrene dimer ***, because in the formal
excimer formation mechanism the only species present in the ground state and able to be

excited are monomer species. The excitation spectrum at 473 nm in the absence of CD is
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weak but quite structured, comparable to the excitation spectrum taken at the monomer

emission wavelength. This indicates that pyrene monomer emits weakly in the excimer

emission region.

3.1.2.4 Fluorescence quenching with iodide
3.1.2.4.1 Quenching in the absence of y-cyclodextrin

Singlet pyrene monomer is quenched by iodide. In aqueous, aerated solutions the
Stern-Volmer constant (Ksy) for this process was found to be 167 +4 M (5 trials) using
fluorescence emission measurements. A lifetime quenching study resulted in K, = 154
M. The equal intensity and lifetime ratios indicate that quenching of singlet pyrene by
iodide occurs through a dynamic mechanism rather than a static mechanism. The Ky

values determined are similar to the value previously reported (141 + 5 M™* ).

3.1.2.4.2 Quenching in the presence of y-cyclodextrin

The degree of protection that a host provides for a guest molecule, i.e. in forming
a host-guest complex, can be studied by adding a quencher to the supramolecular system.
Iodide, an ionic quencher, was assumed to quench dynamically in the aqueous phase,
rather than enter the hydrophobic CD cavity and cause static quenching.

The Stern-Volmer constants (K,) were determined for pyrene in several y-CD
concentrations at the monomer (383 nm) (Table 3-1) and excimer (473 nm) (Table 3-2)

emission wavelengths.
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Table 3-1: Stern-Volmer constants for pyrene (5.0 x 107 M) in the presence of various

Y-CD concentrations measured at the monomer (383 nm) emission wavelengths using

steady-state fluorescence emission intensities.®

[y-CD] Ks/M!
10°M 383 nm
10.0 167 +4 (5)
1.0 188 +£5 (2)
2.0 186 + 13 (4)
5.0 144 + 24 (2)
10 84+9(4)
20 465 (2)

a) The monomer emission intensity was taken as the maximum intensity in the emission

spectrum near 383 nm to account for any shift in intensity due to complex formation.
The number in brackets indicates the number of trials. The errors are the calculated
standard deviation for cases where 3 or more trials were performed. For cases where 2

trials were performed, the errors reported are the average deviations.

The addition of y-CD did not appear to protect the monomer species at low y-CD

concentrations, as the Kgy (= k, X T,) was similar or greater than that without the CD.
This indicates that the pyrene monomer included in the CD cavity is quite accessible to
the aqueous phase quencher. That is, k,, the quenching rate constant, appears to be

constant or increasing in the presence of host, if 1, the lifetime in the absence of

quencher, is assumed to be constant at all y-CD concentrations. However, the lifetime of

the probe within the inclusion complex in the absence of quencher may increase for well
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protected probes, while k, may remain constant or decrease as quencher is added to the
pyrene/ y-CD solution. Such a compensation effect, i.e. an increased lifetime with an
equivalent or decreased quenching rate constant, may account for the slight increase in
Ky as y-CD is initially added. At higher host concentrations, i.e. at 10 x 10° M and 20 x
10° M y-CD, the linearity of the Stern-Volmer plots decreased (R = 0.9934 and 0.9866,
respectively, relative to R = 1.0000 and 0.9999 for the quenching plots of aqueous pyrene
and pyrene in the presence of 2.0 x 10 M y-CD, respectively). The decrease in linearity
of the Stern-Volmer plots at higher concentrations of host is an indication that the probe
is present in a number of environments (Figure 3-6). However, it is clear that pyrene is in

a more protected environment as the quenching efficiency decreases.
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Figure 3-6: Stern-Volmer plots of pyrene (5.0 x 107 M) in water (O), and in the
presence of 2.0 x 10 > M y-CD (A), 10 x 10 > M y-CD (+), and 20 x 10 2> M y-CD (0O).

Stern-Volmer analysis at the excimer emission wavelength (473 nm) generally led
to less linear plots, especially at high CD concentrations (Figure 3-7). The correction for
monomer emission at 473 nm (as discussed in section 3.1.2.1 and Equation 3-1) did not
significantly improve linearity nor change the K, values obtained (Table 3-2). The
scattering of points is likely a reflection of the very small changes in intensity as

quencher is added, as indicated by the small K, values in Table 3-2.
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Figure 3-7: Stern-Volmer plots using steady-state and time-resolved data of pyrene (5.0
x 107 M) excimer in the presence of 2.0 x 10° M y-CD ([0 and O, respectively) and 10 x
10° M y-CD (+ and A, respectively). The data were measured at the excimer emission
wavelength of 473 nm. The steady-state data were not corrected for monomer emission

at this emission wavelength.
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Table 3-2: Stern-Volmer constants for pyrene excimer quenching by I at various y-CD

concentrations.
[y-CD] Ke/M'* Ke/M™'®
10°M
1.0 10+1(2) 6+2(2)
20 10+2(3) - 18%3(2)
5.0 13£5Q) 17 (1)
10 15+8(3) 24 (1)

a) Values not corrected for pyrene monomer emission at 473 nm; b) Values corrected
for pyrene monomer emission at 473 nm. Brackets indicate the number of trials. The
errors are the calculated standard deviation for cases where 3 trials were performed. For

cases where 2 trials were performed, the errors reported are the average deviations.

3.1.2.5 R(I/III) analysis
3.1.2.5.1 Influence of y-cyclodextrin complexation

Pyrene is a favorable probe molecule due to its informative photophysical
properties. For example, the relative fluorescence emission intensities of the vibronic
fine structure bands are an indicator of the polarity of the environment sensed by pyrene*
. The R(V/III) ratio, where I = 371 nm and III = 383 nm, of aqueous pyrene in the
absence of y-CD was found to be 1.64 + 0.02 (3 trials). As the concentration of y-CD
increased, the R(I/IIT) value continually decreased, indicating that pyrene is in a more

hydrophobic environment than water, such as within the CD cavity (Figure 3-8).
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Figure 3-8: R(I/III) of pyrene (5.0 x 107 M) in the presence of various concentrations of
Y-CD. The intensity of the peaks were taken as the maximum emission intensities near I
=371 nm and III = 383 nm. This was done so as to avoid error in calculating R(I/III)
from measuring intensities at a fixed wavelength, as a shift in emission wavelength due to
complexation (up to 2 nm) would appear as a change in emission intensity due to

environment polarity. The error bars are the standard deviation for 3 trials.

As indicated in Figure 3-2 and Figure 3-3, the fluorescence spectra of pyrene
showed increasing excimer emission with y-CD concentration until a maximum was
reached at 5 x 10° M ¥-CD. Above this CD concentration, the intensity of excimer
emission decreased with a congruent rise in monomer emission. From Figure 3-8 and
Figure 3-9 it is evident there was also a dramatic drop in R(I/III) after this point. This

large decrease in hydrophobicity of pyrene’s environment at the expense of excimer
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emission may be attributed to the formation of another monomer complex in a highly

hydrophobic environment at high y-CD concentrations, i.e. a 1:2 pyrene: y-CD complex.
The influence of pyrene excimer on the R(I/III) ratio is assumed to be negligible, as its

emission does not occur in this region.

I

Relative Fluorescence Intensity

1 1 1

360 380 400 420 440
wavelength (nm)

Figure 3-9: Corrected fluorescence spectra of the monomer emission region of pyrene
(5.0 x 107 M) in the presence of 5.0 x 10° M, (a); 10 x 10® M, (b); and 20 x 10> M, (c) Y-
CD.

3.1.2.5.2 Influence of iodide quenching on R(I/III)
The addition of iodide quencher to pyrene/ y-CD solutions results in various

R(I/IIT) values, depending on the concentration of CD (Figure 3-10). In aqueous solution,

and at low y-CD concentrations, the R(I/IIIT) value is fairly high and constant as iodide is
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added. This indicates that pyrene is in a relatively exposed and hydrophilic environment.

As the CD concentration increases, the R(I/III) value drops with the addition of quencher,
as the more exposed pyrene species are being quenched more efficiently than the
protected species. At 10 x 10 M and 20 x 10° M y-CD, R(I/III) decreases and plateaus
at a value of 0.68 and 0.54, respectively, as the iodide concentration increases to the
maximum value added, i.e. to 60 x 10° M. These ratios are comparable to pyrene in non-
polar solvents, such as cyclohexane, which has an R(I/III) of 0.6*. This indicates that at
high quencher concentrations any aqueous-exposed pyrene is quenched and only the
pyrene that is in a very protected, hydrophobic environment is fluorescing. This well

protected pyrene is likely within a doubly encapsulated 1:2 pyrene: y-CD complex.
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Figure 3-10: The change in R(I/III) ratio of pyrene (5.0 x 107 M) in water (O) and
various y-CD concentrations (0 =2.0x 10° M; +=5.0x 10°M; 0=10x 10° M; x =20
x 10 M) with the addition of iodide quencher. The various R(I/IIT) values at slightly
different quencher concentration for the same y-CD concentration indicate the precision

among several trials.

3.1.3 Time-resolved fluorescence spectroscopy
3.1.3.1 Excimer Kinetics

In homogenous solution, a pyrene excimer species may be formed by the
bimolecular collision of an excited monomer with a ground-state pyrene molecule. As
such, a growing-in phase is observed for time-resolved traces of excimer emission that
corresponds to excimer formation. This is followed by the excimer decay. For the time-
resolved traces of monomer emission, a mono-exponential decay is not observed under

conditions where excimer formation occurs. Rather, such a trace can be fitted to the sum
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of two exponentials. That is, the lifetime of the fast component corresponds to the

lifetime of the growth observed for the excimer emission, as these lifetimes are attributed
to the excimer formation process.

Single-photon counting experiments were performed at short time-bases (~ 170
ns) to determine whether such kinetics were present in the pyrene/ y-CD system. No
growth was observed for the excimer emission and no fast decay component was present
for the monomer fluorescence decay. These results show that the excimer is formed

“instantaneously” ** **

, 1.e. within the excitation pulse (typically 1 - 3 ns), suggesting that
the excimer emission originates from a pyrene dimer.

In aqueous solution, pyrene excimer emission is absent due to the low
concentration of probe used. The lifetime of aqueous pyrene (5.0 x 107 M) at the
excimer emission wavelength (473 nm) is 123 ns, nearly equivalent to the lifetime of the

same aqueous pyrene solution at the monomer emission wavelength, i.e. 131 ns at 383

nm (Table 3-3).

3.1.3.2 Iodide quenching results
3.1.3.2.1 In the absence of y-cyclodextrin

Aqueous pyrene monomer was quenched by iodide giving a Stern-Volmer
constant of 154 M. As previously mentioned, this value is similar to that found using
fluorescence emission intensities (167 + 4 M) indicating a dynamic quenching
mechanism. The lifetimes at various quencher concentrations are given in Table 3-3.

The quenching rate constant using the lifetime data is 1.2 x 10° M''s™.
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Table 3-3: Lifetimes of pyrene (5.0 x 107 M) in water at the monomer emission

wavelength (383 nm).

[I-] (mM) a,”
7, ® (ns)

0 1.000 + 0.001
131.22 +0.03

20.0 1.000 + 0.007
32.27 £ 0.07

584 1.00 £ 0.01
13.1+0.1

(a) The errors are specific to the data analysis of each decay, and are recovered from the

PTI software.

The pyrene excimer is also quenched by iodide. In aerated acetonitrile, the
lifetime of the excimer of pyrene (10 x 10° M) was 12.5 ns. The addition of 20 x 10° M
iodide quencher reduced the lifetime to 11.2 ns, resulting in an estimated quenching rate
constant of 5 x 10* M''s”. These results are important in the interpretation of the

quenching data in the presence of y-CD.

3.1.3.2.2 In the presence of y-cyclodextrin

The addition of quencher to supramolecular systems allows one to determine the
degree of protection a host is providing for a guest. The ease with which a quencher can
reach a probe, thereby reducing its lifetime, is an indicator of the probe’s protection.

Further, differentiation between lifetimes of the various species becomes magnified in the
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presence of quencher, as some probes will be more exposed than others and therefore

their lifetime will decrease more significantly. This is valid for the dynamic quenching
process only, because no reduction of lifetime is observed for static quenching. As iodide
is an aqueous quencher, it is not likely to enter the hydrophobic CD cavity. Also, as
indicated from the steady-state and time-resolved data comparison below, quenching by
iodide of the pyrene/ y-CD system is indeed dynamic. In this work, the time-resolved
quenching data are used for a qualitative analysis to determine the stoichiometries of the
various species present in the complex pyrene/ y-CD system. For this reason, the lifetime

data were only collected at a few quencher concentrations.

3.1.3.2.2.1 Pyrene monomer emission

In the presence of 2.0 x 10° M y-CD, the time-resolved decay trace of the pyrene
monomer was fitted to the sum of two exponentials (Table 3-4). When the data were fit
to the sum of three exponentials, two of the lifetimes converged to the same lifetime
value, indicating that only 2 distinguishable spec.ies were present. The lifetimes
recovered from the fits to the sum of two or three exponentials have considerable error.
For this reason, the lifetimes of the components that are known to be present in solution
were fixed in some cases, in order to determine the lifetimes of the other components.
For example, in all solutions, i.e. both in the absence and in the presence of quencher and
CD, free aqueous pyrene is present. As such, its lifetime was fixed in the fitting
procedure.

The addition of iodide quencher to the pyrene/ y-CD system resulted in data that

were also adequately fit to a bi-exponential function, both of which had reduced lifetimes
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relative to the values obtained in the absence of quencher. The estimated Stern-Volmer

constant for the long-lived monomer component is 51 + 9 M"'. Based on the lifetime in
the absence of quencher, i.e. 192 ns, the quenching rate constant is (2.7 + 0.5) x 10° M''s’
!. This is an order of magnitude lower than kq of aqueous pyrene, i.e. 1.2 x 10° M's™,
indicating that the second monomer component that is present in y-CD is less accessible

by the quencher than the aqueous component.

Table 3-4: Lifetimes recovered from the fluorescence decay of pyrene (5.0 x 107 M) in
the presence of 2.0 x 10° M y-CD monitored at pyrene monomer emission wavelength

(383 nm).

[I-] (mM) a, a,
T, (ns) T, (ns)

0 0.42 + 0.02 0.58 + 0.02
131.0 (*) 192+ 1

20.2 0.982 + 0.009 0.018 +0.001
33.8+0.1 128 +5

59.3 0.96 +0.02 0.041 + 0.006
13.6 £0.1 49 + 4

(*) indicates the lifetimes that were fixed when fitting the decay trace, as discussed in the
text. The errors are specific to the data analysis of each decay, and are recovered from

the PTI software.

The fitting procedure for the decays of pyrene (5.0 x 107 M) monomer emission

in the presence of 10 x 10~ M y-CD and various quencher concentrations was similar to
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that in the presence of 2.0 x 10* M y-CD as described above. The results are shown in

Table 3-5. In the absence of quencher, the decay trace of the pyrene monomer was fitted
to the sum of two exponentials. As in case of pyrene in the presence of 2.0 x 10° M -
CD, when the data were fit to three exponentials, two of the lifetimes converged or a
negative pre-exponential value was obtained.

With the addition of quencher, the decay traces fit well to the sum of three
exponentials. The lifetime of the longest lived species was recovered by fixing the

lifetimes of the two shorter lived monomer species obtained previously.
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Table 3-5: Lifetimes recovered from the fluorescence decay of pyrene (5.0 x 107 M) in

the presence of 10 x 10? M y-CD monitored at the monomer emission wavelength (383

nm).

[I'TmM a, a, a,
1, (ns) T, (ns) 5 (ns)

0 0.52 £0.02 0.48 +0.01
131.0(*) 2182

20.0 0.707 £ 0.001 0.192 + 0.001 0.101 +£0.001
32.0(*) 128.0 (*) 3132+0.3

19.8 0.776 = 0.004 0.146 + 0.001 0.078 £ 0.001
32.0 (%) 121.0 (*) 290+ 1

58.1 0.83 £0.07 0.12 +£0.02 0.054 + 0.003
13.0 (*) 37+4 153+4

(*) indicates the lifetimes that were fixed when fitting the decay trace. The errors are

specific to the data analysis of each decay, and are recovered from the PTI software.

The Stern-Volmer constants of the individual components of pyrene in the
presence of 10 x 10° M y-CD, i.e. 1T, and T, were calculated based on the assumption that
three components are present in the absence of quencher. However, experimentally these
lifetimes cannot be differentiated. This is a problem that may be related to the low
number of total counts collected®. However, data collection over longer periods of time
was not technically possible. The lifetime of the intermediate component, i.e. T,, in the

absence of quencher was assumed to be 192 ns, corresponding to the lifetime of the long-

lived component in the presence of 2.0 x 10° M y-CD. Using this value, K, was found
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to be 77 + 15 M, a value that is close to that determined in the presence of 2.0 x 10° M

v-CD (i.e. 51 £9M").

The lifetime of the third species in the absence of quencher is not known, but it is
likely to be longer than 280 ns. The third lifetime becomes apparent in the presence of
quencher because the difference between 7, and T, is increased. As the differentiation
between lifetimes is resolved in the presence of quencher and as the third lifetime is
maintained at a higher value per quencher concentration, it may be concluded that the
third species is better protected from quencher than the second species. Reinforcing this
point is the observation that the degree of quenching is larger for 7, than it is for T;, i.e.
there is a decrease in lifetime by a factor of 3.4 in T, from 20 x 10° M I'to 60 x 10° I,
whereas T, only decreases by a factor of 2.0 under the same conditions (Table 3-4).

The comparison between time-resolved and steady-state Stern-Volmer analysis is

an issue that has been debated in the past’ * *

, as both static quenching and dynamic
quenching may be involved. The amplitude average lifetime leads to average lifetime
values that can be directly compared to the intensity ratios in the steady-state
experiments®. If there is an element of static quenching occuring in the system, the value
of <t,>/ <t> would lie below that of I,/I°. The Stern-Volmer constant derived for pyrene
monomer in 2.0 x 10” M y-CD using the amplitude average lifetimes was 169 M. This
value was slightly, but not significantly lower than the value obtained from steady-state
fluorescence (186 + 13 M™'). However, considering that the lifetime measurements were
done at only two quencher concentration, the agreement between the two methods is

good. As such, the two values may be considered equivalent and therefore no significant

static quenching is occuring.
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Using the amplitude average lifetimes from the time-resolved data obtained for

the pyrene monomer species in the presence of 10 x 10 M y-CD, the Stern-Volmer
constant was calculated to be 135 M. This value is higher than that found from steady-
state analysis (84 +9 M™); however, the Stern-Volmer plot began to lose linéarity, and
the data should be taken qualitatively rather than quantitatively. In any case, both values
are lower than that obtained in the absence of CD suggesting that some of the pyrene

monomer species are protected from iodide quenching.

3.1.3.2.2.2 Pyrene excimer emission

In the presence of 2.0 x 10° M y-CD, two components were obtained from the
time-resolved decay traces at the pyrene excimer emission wavelength (473 nm), both in
the absence and presence of quencher (Table 3-6). In the absence of quencher, an
attempt was made to fit the lifetime data to three exponentials, but only a very short lived
(1 ns) third component was present that had a very small pre-exponential factor (0.02).
This short lifetime is due to a fitting artifact. At the highest quencher concentration (~ 60
x 10® M I), a fit to the sum of three exponentials resulted in the convergence of two
lifetimes, indicating only two species were distinguishable. The lifetime of the short-
lived species did not change appreciably upon the addition of quencher. However, the
initially longer lived component was quenched in a similar fashion to the long-lived
monomer species (Table 3-6). This species corresponds to the monomer emission at 473

nm.
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Table 3-6: Lifetimes obtained from the fluorescence decay traces of pyrene (5.0 x 107

M) in the presence of 2.0 x 10 M y-CD and various iodide quencher concentrations; A,

=331 nm.

'] mM® a, a, [I'1mM® 1, (ns) @
A (nS) (a) T, (nS) (a)

0 0.922+0.001 | 00780001 |0 192+ 1
7799001 | 171.8+0.1

200 0.949+0.007 |0.051 0004 |20.1 128%5
62.4+0.2 1323

578 0.235+0.001 |0.765+0.001 |59.3 494
69.4 + 0.1 412+0.1

(a) Lifetimes obtained at the excimer emission wavelength, 473 nm; (b) Lifetimes of the
long-lived component obtained at the monomer emission wavelength, 383 nm, under
similar conditions, i.e. similar host and quencher concentrations. The errors are specific

to the data analysis of each decay, and are recovered from the PTI software.

In the presence of 10 x 10 M y-CD, the decay traces at the excimer emission
wavelength were fit to the sum of two exponentials at all quencher concentrations. The
lifetime values obtained are listed in Table 3-7. Attempts were made to fit the decay
traces to the sum of three exponentials, but in the absence of quencher two of the
lifetimes converged indicating only two species were distinguishable. Similarly, upon
the addition of quencher, the best fits were to the sum of two exponentials.

As discussed earlier, the decay of pyrene in 2.0 x 10 M y-CD measured at 473

nm included a component due to monomer emission as well as excimer emission.
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Further, in traces at this concentration of CD and various quencher concentrations, one of
the lifetimes recovered at an emission wavelength of 473 nm corresponded closely to one
of the lifetimes measured at 383 nm (at all equivalent quencher concentrations). Such a
correspondence of lifetimes at the two emission wavelengths is not seen in the presence
of 10 x 10* M y-CD and at various quencher concentrations (Table 3-7). This is likely
due to the lower number of counts obtained for the traces. Further, the emission quantum
yield of monomer emitting in the excimer region is very low and therefore differentiation
between monomer species may not have been possible. The lifetime of the initially
longer-lived component in the excimer emission region of pyrene in the presence of 10 x
10° M ¥-CD (column 3 in Table 3-7) is likely the lifetime of a combination of the
monomer species present, i.e. a combination of the lifetimes in columns 5 and 6 in Table

3-7.



Table 3-7: Lifetimes recovered from the decay traces of pyrene (5.0 x 10”7 M) in the

presence of 10 x 10* M y-CD and various iodide concentrations; A, = 331 nm.

84

[I'TmM® | a, a, IImM® |1, (ns)® T, (ns)®
7, (ns)® 7, (ns)®

0 0.926 + 0.074 + 0 278 +£2
0007 |0.007
93.6 £0.7 260 £ 10

19.8 088+002 [0.12+0.02 |19.8 121.0 (*) 290+ 1
0=+1 2059

20.0 0.900 + 0.100 + 20.0 128.0 (*) 3132 +0.3
0.002 0.001
904 +0.2 233 %1

575 0.33+0.04 |0.67+0.04 |S58.1 37+4 153 +4
94 +3 46+ 2

(a) Lifetimes taken at the excimer emission wavelength, 473 nm; (b) Lifetimes of the

long-lived components taken at the monomer emission wavelength, 383 nm. (*)

represents fixed lifetimes in the fitting procedure, as discussed in the text. The errors are

specific to the data analysis of each decay, and are recovered from the PTT software.

To compare time-resolved data to steady-state data for excimer emission,

amplitude average calculations were used, as described above. For pyrene in 2.0 x 10° M

v-CD, K, was found to be 13.5 M"'. This is quite comparable to the low value obtained

from steady-state fluorescence emission, i.e. 10 £ 2 M"'. This value did not involve the

correction for monomer emission at 473 nm, i.e. Equation 3-1, as the lifetime average

includes the monomer component(s) emitting in this region (Figure 3-7).
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In the presence of 10 x 10° M y-CD, the Stern-Volmer constant estimated using

the average lifetimes was 13.7 M. This is very close to the K, obtained using
fluorescence intensity data, i.e. 15 M". As mentioned above, calculation of this latter
value did not involve correction of monomer emission at 473 nm, as the lifetime average

analysis also factors in monomer emission at 473 nm.

3.2 Discussion
3.2.1 Species present in the pyrene/ y-cyclodextrin system

As discussed in the Introduction, previous studies involving the characterization
of pyrene in the presence of y-CD have led to inconsistent results. For example, the
stoichiometries of the complexes present as well as their proposed equilibrium constants
vary quite significantly (Table 1-2). However, before a study of the dynamics of a
system can be initiated, it is necessary to know the stoichiometry and amount of each
complex present under various experimental conditions. This information is required so
that a dynamic mechanism of the system may be proposed and verified. From the
characterization results of this work, the equilibria in the pyrene/y-CD system are

presented in Scheme 3-1.
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Ki:1
py + CD .__>' py-CD

K1:2
py-CD + CD ——® CD-py-CD

K2:2
py-CD + py-CD _’<__ CD-py-py-CD

Scheme 3-1: Equilibria present in the pyrene/ y-CD system.
The equilibrium constants in Scheme 3-1 are defined in terms of the components

based on the step-wise formation mechanism in Equation 3-2, Equation 3-3, and Equation

3-4.

x —_[Py-7-CD]
. [PY]fm[Y'CD]

Equation 3-2

=[)'-CD-Py-y-CD]
** [y-cp]Py-y-CD]

Equation 3-3

_[®y-y-cD),]
“ [®y-y-co)f

Equation 3-4
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The physical sizes of pyrene and y-CD are reported as the following: i) pyrene:

10.4 A long, 8.2 A wide® and ii) the y-CD cavity has a diameter ranging from 7.5 — 8.3
A, and is 7.8 A long'". From these values, each of the proposed complexes are feasible,
although the various orientations may vary. Further, it should be realized that the CD
cavities are not rigid structures, and therefore their dimensions may vary somewhat, in
order to accommodate the guest.

Qualitative evidence for the presence of these species include the absorption
spectra, steady-state spectra, time-resolved traces, and the quenching data obtained from
the latter two techniques. The equilibrium constants of these species can be determined
using equations that incorporate steady-state fluorescence data (see below).

The lack of isosbestic points in the absorption spectra of pyrene in the presence of
Y-CD indicates that more than two species are present in equilibrium. The steady-state
fluorescence data indicate that pyrene is in various environments as the y-CD
concentration varies. For example, as the concentration of host increases, the R(I/III)
ratio decreases to about 0.6, similar to the value of pyrene in cyclohexane. This indicates
that the pyrene monomer is incorporated into an increasingly hydrophobic environment.
On the addition of quencher, there is a decrease and plateau of the R(I/III) ratio at the
higher y-CD concentrations. This indicates that only a well protected monomer species is
left to emit. This decrease in R(I/III) does not occur at the lower y-CD concentrations
indicating that only an equally exposed monomer is present. These results are consistent
with the fact that at higher y-CD concentrations, a double encapsulated 1:2 pyrene: y-CD
species is present, whereas a 1:1 pyrene: y-CD species dominates at the lower host

concentrations. As one of the driving forces for supramolecular complex formation is the
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hydrophobic effect'’, that is, removing water from the hydrophobic interior of the CD

cavity and replacing it with the hydrophobic guest molecule, this explanation is feasable.

The different lifetimes obtained from the time-resolved data at the monomer
emission wavelengths also indicate that more than one monomer species is present. The
fact that one of the multiple lifetimes obtained in the presence of higher y-CD
concentration (Table 3-5) was longer than that at lower CD concentration (Table 3-4)
indicates that two different CD-included pyrene monomers are present. Further proof of
the presence of various monomers is seen in the quenching experiments. The degree of
reduction of lifetimes as a result of a dynamic quenching mechanism indicates the degree
of protection provided by the host. From the Stern-Volmer constants obtained for the
individual components (using lifetimes), it is evident that in the presence of 2.0 x 10° M
v-CD and 10 x 10° M y-CD, there are two common species, i.e. two species quenched to
the same degree. The most exposed is aqueous or free pyrene (k, = 1.2 x 10° M"'s™). The
second component that is more protected (k, = (2.7 £ 0.5) x 10 M's" and (4.0 + 0.8) x
10°M's" in 2.0 x 10° M y-CD and 10 x 10 M y-CD, respectively) is attributed to a 1:1
pyrene: y-CD complex. The third component in 10 x 10° M y-CD had a longer lifetime
and was quenched less efficiently than the other two components. This species, which is
even more protected from the quencher, is attributed to a doubly-encapsulated 1:2
pyrene: Y-CD complex.

Further evidence of a 1:2 pyrene: y-CD complex is seen from the change in
excimer-to-monomer ratio as the concentration of host is increased. As Figure 3-3
shows, the ratio maximizes and then begins to decrease above 5 x 10° M ¥-CD. That is,

the amount of excimer formed decreases as host is added, at the expense of the formation
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of a monomer species. As this occurs at high host concentrations, it is likely due to the

formation of a monomer species within more than one CD, i.e. the 1:2 pyrene: y-CD
complex.

The complex that gives rise to pyrene excimer emission in the presence of y-CD
has previously been proposed to be either a 2:1 and/or a 2:2 pyrene: y-CD complex'**"*2,
However, the single photon counting data, the pH experiment, and the fitting procedure
for determining equilibrium constants (below) point to the formation of a 2:2 pyrene: y-
CD complex. Several pieces of evidence indicate that the pyrene excimer emission seen
in the presence of y-CD is due to the formation of a pyrene dimer in the ground state
rather than via the formal dynamic mechanism of excimer formation described in the
Introduction. For example, the very broadened and red-shifted excitation emission
spectrum indicates that a species other than the pyrene monomer is being excited.
Secondly, single photon counting traces at the excimer emission band do not show the
growth curve that would be present due to bimolecular excimer formation. Further, the
monomer does not show a fast decay component which would complement the excimer
growth, as excimer formation is a quenching mechanism of the monomer.

As previously mentioned, the excimer emitting species is a 2:2 pyrene: y-CD
complex which is formed in the ground state. The lifetime of pyrene excimer in the
presence of y-CD is 86 + 8 ns, corresponding well to 77 ns, which has been reported in
the literature for 4.9 x 107 M pyrene in 10 x 10° M y-CD *. The lifetime of pyrene
excimer has also been reported in various solvents as 65 ns (cyclohexane), 43.5 ns
(acetone), 50 ns (95% ethanol), and 113 ns (for the pyrene excimer crystal)’. The

relatively long lifetime recovered for the excimer in y-CD indicates that the pyrene dimer
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is in a rigid environment, as the rate of deactivation is decreased. The lifetime of the

excimer is quite constant with the addition of quencher, indicating that this species is not
quenched by iodide. From lifetime data of pyrene excimer in the absence of
cyclodextrin, i.e. in organic solvent where the solubility of pyrene is high enough such
that excimer formation is possible, the quenching rate constant of the pyrene excimer by
iodide is 5 x 10°* M"'s™. If, in the presence of y-CD, the excimer emitting complex was a
2:1 pyrene: y-CD complex, it is likely that the quenching rate constant would be quite
similar to the value obtained in acetonitrile (5 x 10° M's™), or to that of the 1:1 pyrene: y-
CD complex ((2.7 £ 0.5) x 10* M's, see section 3.1.3.2.2.1), oweing to its exposure to
quencher at the open-sided CD faces. As a result, the expected lifetimes on the addition
of quencher would be substantially lower than they are found to be experimentally (Table
3-6 and Table 3-7). That is, using Equation 1-15 and the quenching rate constant of
pyrene excimer by iodide as (2 - 5) x 10* M"'s, the lifetimes of the pyrene dimer at 20 x
10° M T and 60 x 10° M I quencher concentrations are calculated to be 46-64 ns and 24-
42 ns, respectively. Such a decrease in lifetime is not observed upon quenching (Table
3-6 and Table 3-7) and is therefore an indication that the pyrene dimer is in a well
protected environment, such as within two CDs as a 2:2 guest: host complex. Stern-
Volmer analysis of fluorescence data also indicate the excimer is not quenched by iodide
(Figure 3-7).

As discussed in the Introduction, several authors have proposed that if the pH of a
solution containing an excimer emitting CD complex rises above the pK, of the CD
hydroxyl groups (i.e. to a pH greater than ~ 12), the excimer emission intensity will

decrease if the complex giving rise to the excimer emission is a 2:2 guest: CD complex.
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This is because the deprotonated hydroxyl groups of the two facing “barrel-type™*' CDs

that form the 2:2 complex repel each other, resulting in the complex falling apart. As
such, the intensity of excimer emission would decrease. This is what is seen for the
pyrene/ ¥y-CD system. As the pH increases above 11, the excimer-to-monomer ratio
begins to drop dramatically indicating that the 2:2 excimer emitting species is falling
apart while the amount of pyrene monomer increases. This result has been reported in
the literature®. The authors that disregard the 2:2 complex", or include the 2:1

complex'** did not report a pH-dependent fluorescence experiment.

3.2.2 Determination of equilibrium constants for the multiple stoichiometric
equilibria

The method employed to calculate the equilibrium constants of solutions
containing multiple stoichiometric equilibria has been used by several authors'”". It
involves knowing which species are present in the system. This may be based on other
experimental analysis, although the goodness of fits for the equilibrium constants to
experimental data themselves also reinforce the presence of species of various
stoichiometries. The model used to determine the equilibrium constants for the pyrene:
Y-CD follows the sequential formation of the 1:1, 1:2 and 2:2 pyrene: y-CD complexes, as
shown in Scheme 3-1. The determination of equilibrium constants for the multi-
component pyrene/ y-CD system is based on the assumption that the amount of excimer
species present is proportional to the intensity of its emission at a wavelength where only
that species emits. As some monomer does emit at 473 nm, the excimer emission

intensity was corrected for as described by Equation 3-1. It is this corrected excimer
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emission intensity that was taken as being proportional to the concentration of excimer

present in the solution. An equation was formulated based on the relation of the 2:2

concentration to the concentration of all other species present in solution (Equation 3-5).

[(py_y_CD)z]___([PY]m:"[PY],,,,—[PY-Y-CD]—[y-CD-py_},_CD]J

2

Equation 3-5

The equation is divided by two to account for the fact that there are two pyrene molecules
within one 2:2 complex. The concentrations of the complexes in Equation 3-5 are
defined in Scheme 3-1 and in terms of equilibrium constants based on the step-wise
formation mechanism as defined in Equation 3-2, Equation 3-3, and Equation 3-4;

[Py]seesis given by Equation 3-6.

[Pyl = 2252

Equation 3-6

where A, B, and C are defined as:

A= '(1 +Kjy[y -cp]+ Ky Ko [y - CD]2)

Equation 3-7
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B= (1 +Ky[y -]+ K1 Kyo[7 -cDP )2 + 4(2K2:2K1:12[7’ -cpf )([Py]tolal)

Equation 3-8

C= 2(2K2.2K1:12[y - CD]2)

Equation 3-9

This was formulated by solving the terms in Equation 3-5 in terms of the
equilibrium constants from the step-wise formation mechanism (Scheme 3-1), equating
the equation to zero (see Equation 3-10), and solving for [Py];.. using the quadratic

equation.

ZKMK,:,’[Py];m[y ~CDJ’ +[Py] jne(l +Ky [y —-CD]+ KK, [7 - CD]Z) =[Pyl =0

Equation 3-10

The use of Equation 3-5 was only valid upon normalization of the experimental excimer
fluorescence emission intensity as well as the calculated 2:2 complex concentration. This
is because the emission quantum yield of this complex is not known, and therefore it’s
absolute concentration cannot be determined. However, by normalizing the experimental
emission intensity and the calculated 2:2 concentration to one at the maximum intensity
and concentration, respectively, the values at the various y-CD concentrations may be

directly compared.
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Based on the proposed mechanism (Scheme 3-1) and equations (Equation 3-5 to

Equation 3-10) values of 2:2 concentration were calculated at different y-CD
concentrations by varying the equilibrium constants present in the equations. The
equilibrium constants based on the calculations were considered acceptable by visual
inspection, i.e. by how well each normalized calculated point corresponded to the
normalized experimental value at each y-CD concentration. Once a data set of the three
K,, values gave reasonable correspondance to the experimental data, two of the K,
values were fixed (within their acceptable range), while the third value varied. The
variation in this K, value that maintained a reasonable comparison to all experimental
values at each y-CD concentration was used to estimate the error in the equilibrium
constant. The ranges for the equilibrium constants for the pyrene/ y-CD are found to be
K,,=300-350 M*, K,,=80- 140 M", and K,, = (1-2) x 10° M. These ranges of
values were obtained from separate experiments involving 5.0 x 107 M pyrene and 2.5 x
107 M pyrene (U. Kisiel, personal communication). Figure 3-11 shows the comparison
between the normalized calculated values and the normalized (corrected) excimer
emission intensities for one experiment, with K., =310 M, K,,=85M", and K,, = 1.3
x 10° M. Further, these equilibrium constant ranges correspond well with the
equilibrium constants reported by Hamai*'( K,,, =300 M, K,, =170 M, and K, = 1.3

x 10°M™).
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Figure 3-11: Comparison of normalized experimental excimer emission intensity (O) to
calculated values ([J) based on the formation mechanism (Scheme 3-1) and the
corresponding equations as described in the text. The equilibrium constants used in the
calculation were K, =310 M", K,,=85M", and K,,, = 1.3 x 10° M. The line through
the experimental data points is not a fit, but rather a smoothed line through the data points

to facilitate the comparison of points.

It is interesting to compare the experimental intensity data to other proposed
equilibria and equilibrium constants reported in the literature. For example, from Table
1-2, Kobayashi proposed the presence of four complexes, i.e. a 1:1, 1:2, 2:1, and a 2:2
complex, and Kano proposed the formation of three pyrene/ y-CD complexes, including a

2:1 pyrene: y-CD complex rather than the 2:2 complex. By modifying Equation 3-5,
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Equation 3-6, and Equation 3-10 to incorporate these complexes, it is possible to compare

values based on their proposed equilibrium constants of the various species to our
normalized experimental data. This is shown in Figure 3-12. Clearly, a poorer fit is

obtained when using these published values.
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Figure 3-12: Comparison of normalized experimental excimer emission intensity values
(O) to calculated values as calculated based on a step-wise formation mechanism similar
to Scheme 3-1 and on the equilibrium constants proposed by Kobayashi*: K, =35 M,
K,,=310M",andK,, =1.9x 10’ M", and , K,, = 1.1 x 10* M (00) and Kano": K, =
20M", K,,=200M", and K,, = 5 x 10° M (0). The calculated values were normalized
at 10x 10° M Y-CD, as this was the value of highest 2:2 concentration, whereas the
experimental data was normalized to one at 5.0 x 10° M y-CD. The line through the
experimental data is not a fit, but rather a smoothed line through the data points to

facilitate the comparison of points.

Based on the equilibrium constants of the pyrene/ y-CD system, the
concentrations of each species at several different y-CD concentrations can be calculated

based on a total pyrene concentration of 5.0 x 107 M. These theoretical concentrations
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help formulate and verify the dynamic mechanism as presented by the stopped flow data

(Chapter 4).

1.0

08 I~

0.6 -
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Fraction of Pyrene
Present as Various Species
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1
0.000 0.010 0.020 0.030 0.040
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Figure 3-13: The calculated fractions of the pyrene species in a 5 x 107 M pyrene
solution in the presence of various y-CD concentrations. The calculated values are based
on Scheme 3-1 and Equation 3-5 to Equation 3-10 and the equilibrium constants K., =
325M",K,,=110M", K,, = 1.5x 10° M" and 5.0 x 107 M pyrene in y-CD. The pyrene
species are free aqueous pyrene (O), and the pyrene: y-CD complexes of the
stoichiometries 1:1 (A), 1:2 (X), and 2:2 (0). The lines through the data points do not

show a fit, but are included only to aid in following the trends.
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4. Dynamics of the pyrene/ y-cyclodextrin system

The dynamics of the pyrene/ y-CD system were measured using a stopped flow
apparatus which is capable of monitoring dynamic events that occur on the millisecond
time-scale. As such, events that occur faster than ~2 ms cannot be detected by this
method (see Chapter 1 and Chapter 2). Processes that occur within this time-frame are

therefore not directly involved in .the analysis of the data.

4.1 What is chemical relaxation?

As discussed in Chapters 1 and 2, the stopped-flow technique is also known as the
concentration jump method, as it involves changes in concentration of the species present
in a system. The rapid mixing together of two solutions results in the change in
concentration, or a ‘perturbation’ of the system. The re-equilibration process, or self-
adjusting process of the perturbed system back to (a new) equilibrium, is known as
chemical relaxation. The relaxation lifetime is the time taken by the system to re-
equilibrate to this point, and represents the sum of all dynamic processes that are
occuring in the system on that time scale, including a term for both the forward and
reverse reactions™.

The stopped-flow technique is referred to as a ‘transient relaxation method’, as it
measures the rate of change in the concentration of any one or several species directly
following the perturbation. Distinct from this method is the ‘stationary relaxation
method’, where the perturbation is brought about by an oscillating force.*® In the pyrene/
v-CD system, the species that were monitored were the 2:2 excimer-emitting complex,

and the monomer species. From steady-state fluorescence results (Chapter 3, Figure 3-2),
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it is evident that the fluorescence emission of pyrene (monomer and excimer) varies as
the y-CD concentration varies. This change in intensity is directly related to the amount
of each species present in the system, as indicated by Figure 3-11, from which the
equilibrium constants of the system are derived. As such, it is possible to study the
dynamics of the system by monitoring the change in fluorescence emission intensity, i.e.
the concentrations of the species, using this chemical relaxation technique.

From the thermodynamic characterization results, a scheme of all of the species
present and their corresponding equilibrium constants (at 20° C) is presented in Scheme

4-1.

Keq=325+25 M1 Keq=(15% 0.5 x 106 M-1

(py-y-CD)
py + ¥CD JF »  (pyyCD) = ®  (y-CD-py-py-y-CD)

A

¥+CD
Keq = (110 = 30) M1

\/
(y-CD-py-y-CD)

Scheme 4-1: Equilibria present in the pyrene/y-CD system as described in Chapter 3.

Based on this scheme and the K, values, the concentrations of the various species may be
calculated under various conditions of pyrene and y-CD concentrations. For example,
Figure 3-13 shows the calculated fraction of the various species present at 5.0 x 107 M

pyrene at several y-CD concentrations. With this data, it is possible to evaluate the
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observed rate constants obtained from the stopped-flow experiments in terms of re-

equilibrated (calculated) concentrations. This analysis and correlation allow the dynamic
mechanism and some rate constants of the processes involved in Scheme 4-1 to be

extracted.

4.1.1 Influence of the size of concentration perturbation: Theoretical and
experimental considerations

Relaxation kinetics usually deals with systems where the changes in concentration
of the species is small, i.e. the change in concentration is not far from the final
equilibrium concentration. This allows for the rate equation to be simplified as it

eliminates the presence of a term, resulting in a rate equation that follows first order
kinetics *. For example, for the system A +B_C, the rate equation is given by Equation
4-1%, where Ac, is the change in concentration of species, n, i.e. A or B, k, is the rate

constant for the forward reaction, k_ is the rate constant for the reverse reaction, and c,,

and c; are the final equlibrium concentrations of reactants A and B.

dAc
— = [k (ca +cp)+k_|Ac, —k,(Ac,)?
Equation 4-1

When (k,(c, + cp) + k) Ac, is much larger than k,(Ac,)?, i.e. when the change in
concentration, Ac,, is very small, the final term may be eliminated. The deletion of this
term results in linearization of the rate equation. Further, the relaxation time, T, may

replace the first term as shown in Equation 4-2%
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dx 1
i
Equation 4-2

where 1/1 is defined in Equation 4-3 and x is Ac,, where n is species A, B, or C, as for
small perturbations, the linearized equation is independent of the sign of x. That is, it
does not matter whether the equilibrium is shifted to the right or to the left; the rate of

approach is the same™.

-1—= o () +CB)+k_
T

Equation 4-3

After integration of Equation 4-2, it is possible to see that the relaxation time is the time
taken for the concentration of species, n (i.e. A, B, or C), to decrease by a factor of e

(Equation 4-4).

e, = MeS exp(—%)

Equation 4-4

The terms in Equation 4-4 are defined such that Ac, is the change in concentration of
species, n, to 1/e of the total concentration change, and Ac,’ is the total change in

concentration of species, n.
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The above discussion is only relevant to bimolecular or higher order reactions.
This is because only these reactions give rise to the higher order terms in the rate
equation, i.e. k,(Ac,)’. Reactions that are first-order or pseudo-first order (in both
directions) do not require small perturbations, as the chemical relaxation is a first order
process, irrespective of the size of the perturbation®.

Theoretically, a small change in concentration is required in order to facilitate
data analysis. Experimentally, however, a larger perturbation or change in concentration
is preferred, as it leads to higher precision * and accuracy. That is, the signal-to-noise

ratio improves as the signal becomes stronger with a larger perturbation.

4.2 Results
4.2.1 Comparison of stopped-flow and steady-state fluorescence data

In order to determine the dynamics mechanism of the pyrene/ y-CD system,
several mixing scenarios were tested. One scenario (i) involved mixing two solutions
such that no pyrene/ y-CD complex was initially present, i.e. there was a relatively large
perturbation of the system. In other mixing scenarios, the complexes were present before
the perturbation occurred, i.e. the concentration perturbation was relatively smaller. In
order to verify that the stopped-flow results were valid, a comparison of the change in
excimer emission intensity was made between steady-state fluorescence spectra and
stopped-flow traces for all of the scenarios above. In the first case, an overall increase in
excimer emission is observed, as no excimer emitting species is initially present.

Stopped-flow traces for this example are shown in Figure 4-1.
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Figure 4-1: Stopped-flow traces monitoring the change in excimer emission intensity
upon mixing aqueous pyrene (5 x 107 M, initial concentration) with aqueous y-CD of the
following initial concentrations: O=1x10°M;A=2x10°M; O0=5x10°M; X =10
x 10° M; 0 =20 x 10 M. Note that the final concentrations are half of the initial
concentrations. The PMT setting for these traces was 400.0 V and the off-set was 1.10 V.

The second mixing scenario (ii) initially contained all of the pyrene/ y-CD
complexes, i.e. in a previously prepared pyrene/ y-CD solution. Upon mixing this
solution with water, there was an overall decrease in excimer emission intensity in the
stopped flow system. This corresponds to steady-state fluorescence results, where the
excimer-to-monomer ratio decreases from 0.2 upon diluting the system in 5.0 x 107 M
pyrene in 2.0 x 10° M y-CD to 0.07 at the final concentration of the re-equilibrated
system of 2.5 x 107 M pyrene in 1.0 x 10°M y-CD. Stopped-flow traces under these

conditions are shown in Figure 4-2.
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Figure 4-2: Stopped-flow traces monitoring the change in excimer emission intensity
upon mixing pyrene (5 x 10’ M) iny-CD (O=1x10°M; A=2x 10°M; O0=5x 102
M) with water. Traces A and [0 were performed on the same day, with a PMT setting of
400.0 V and an off-set of 1.00 V; the trace O was taken on a different day with a PMT
setting of 440.0 V and an off-set of 3.00 V.

A third stopped-flow mixing condition (iii) involved the addition of 5.0 x 107 M
pyrene to a solution that already contained the pyrene/ y-CD complexes, i.e. a previously
prepared pyrene/ y-CD solution. The result (at initial concentrations larger than 1 x 107
M y-CD) was an overall increase in excimer emission intensity in the stopped-flow traces

(Figure 4-3).
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Figure 4-3: Stopped-flow traces monitoring the change in excimer emission intensity
upon mixing pyrene (5 x 10’ M) iny-CD (O=1x10"M; A=2x10°M; 0=5x 10" M;
+=10x 10® M; X =20 x 10 M) with pyrene (5 x 107 M). The PMT setting for these
traces was 420.0 V and the off-set was 3.90 V.

These stopped-flow traces agree with steady-state fluorescence data. That is, after
dividing the excimer fluorescence emission intensity of a solution of 5.0 x 107 M pyrene
in 10 x 10 M y-CD in half (i.e. to account for initial dilution of the system immediately
after mixing, at time t < 2 ms), there is an increase in emission intensity to reach the final
equilibrium concentration of excimer emitting species, i.e. 5.0 x 107 M pyrene in the
presence of 5.0 x 10° M y-CD. Further, there is a larger increase in excimer emission

intensity at 10 x 10> M y-CD (initial) than when pyrene is in the presence of 2.0 x 10° M
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Y-CD (initial) (Figure 4-4). This relative difference in emission intensity is also seen in

the amplitude of the stopped-flow traces (Figure 4-3).
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Figure 4-4: Steady-state fluorescence spectra used to compare the change (i.e. relative
increase) in excimer emission intensity to the direction of change of the excimer emission
intensity in the stopped-flow traces of corresponding final concentrations (after mixing).
Left spectrum: pyrene (5.0 x 107 M) in y-CD (a = 2.0 x 10° M; b = (intensity of
spectrum, a)/2 to account for initial dilution in the stopped-flow system; ¢ = 1.0 x 10
M). Right spectrum: pyrene (5.0 x 107 M) in y-CD (a = 10 x 10® M; b = (intensity of
spectrum, a)/2 to account for initial dilution in the stopped-flow system; ¢ = 5.0 x 107
M).

The above data describes excimer emission only. However, stopped flow traces
were also collected using an interference filter such that the change in monomer
fluorescence emission intensity could be monitored (Figure 4-5). In nearly all cases
tested, the shape of the monomer emission traces mirrored that of the excimer emission,

reinforcing the validity of the mixing process as well as the kinetic process.
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Figure 4-5: Stopped-flow traces monitoring the change in monomer (a) and excimer (b)
emission intensity upon mixing 5 x 10”7 M pyrene (aq) with 10 x 10° M y-CD. The traces
were collected on different days; the PMT setting of (a) was 525.0 V with an off-set of
3.00 V, while the settings of trace (b) were 450.0 V and 3.00 V, respectively.

Stopped-flow kinetics results at low y-cyclodextrin concentrations
At low y-CD concentrations, i.e. an initial concentration below 10 x 10° M Y-CD, in the
stopped-flow mixing scenarios (i) and (ii) described above, the stopped flow traces were
fit to a single exponential equation (Equation 2-1). At higher host concentrations, some
of the traces were fit to the sum of two exponentials (Equation 2-2, see below). The
observed rate constants obtained on the 200 ms time scale were seen to depend on the

(final) pyrene-y-CD 1:1 complex concentration (Figure 4-6).
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Figure 4-6: The observed rate constants (k,, ) of several mixing scenarios depend on the
final 1:1 pyrene: y-CD concentration, as calculated based on steady-state equilibrium
constants (K, =325 M", K,, =110 M", K,, = 1.5 x 10° M"). The various mixing
scenarios include: (ia) 5 x 10”7 M pyrene (aq) with -CD (aq); (ib) 1 x 10° M pyrene (aq)
with y-CD (aq); (ii) 5 x 107 M pyrene in y-CD with water. The solid line corresponds to

the fit of the data to Equation 4-5.

The initial concentrations of y-CD used in this plot range from 1 x 10° M to 20 x 10° M.
The stopped-flow trace for which pyrene was mixed with 20 x 10 M y-CD was fit to the
sum of two exponentials (on the 200 ms time-based scan). The second observed rate

constant was determined independently on a longer time-scale, and was a fixed parameter
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in the short time-scale fit. This latter (faster) observed rate constant fit in well with the

1:1 final concentration dependence (as the second highest point in Figure 4-6).
The dependence shown in Figure 4-6 is indicative of a dimerization reaction, i.e. two 1:1
complexes coming together to form the 2:2 excimer emitting species. The relaxation

time for this dimerization process to occur is given in Equation 4-5%. The derivation of
this equation is similar to that shown in section 4.1.1 for the reaction A + B_C, where A

=B.

kops =4k [(py—y—CD)]+k_

Equation 4-5

In this equation, k, and k_are the association and dissociation rate constants of
dimerization, respectively, and [(py-y-CD)] is the final equilibrium concentration of the
1:1 complex. Thus, in order for this equation to be used, the final equilibrium
concentration of the reagent, i.e. the 1:1 pyrene: y-CD complex, must be directly
measureable or known from equilibrium constants®. In this case, the concentrations were
calculated based on the equilibrium constants from steady-state results as described in
Chapter 3. The factor of 4 is necessary to account for the stoichiometry of the
dimerization process, i.e. 2(1:1)> (2:2).

As discussed in section 4.1.1, Equation 4-5 can be used for stopped flow results
when the change in equilibrium concentrations is small, i.e. so linearization of the rate
equation is possible. This is the case for scenario (ii) above. However, the observed rate

constants obtained using mixing scenario (i) (for initial pyrene concentrations of 0.5 x 10




®M and 1 x 10 M) were plotted on the same graph as the data mixing scenario (ii)

(Figure 4-6). As all the data points fall fairly close together on the same line, it is

reasonable to assume the use of Equation 4-5 for the mixing scenario (i) is valid as a first
approximation. The reasonable fit of the combined data also indicate that the model used

to describe the kinetics of the system, i.e. dimerization, is correct to a first approximation,

as will be discussed.

From Equation 4-5, it is evident that the slope of the curve is equal to 4k, and the

y-intercept is equal to k.. The slope, k,, and k_obtained from Figure 4-6 are given in

Table 4-1.

Table 4-1: The association and dissociation rate constants, and equilibrium constants (a)

of the dimerization process of pyrene (5 x 107 M and 1 x 10° M) based on stopped-flow

results. (b) The equilibrium constant for the dimerization process from steady-state

analysis.
slope (WM™ [k, (M5 [k K, 0 [K, 0
s7)
=4k,
260 + 40 7x1)x10 695 (1.0+0.2) x (1.5+0.5)x
10° 10°

Calculation of the equilibrium constant, K,,, of the dimerization process is possible using

the kinetic data, as indicated by Equation 4-6.
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k

K, =—+

‘@ k
Equation 4-6

The value of the equilibrium constant using stopped-flow kinetic data is given in Table
4-1, and is compared to the value found using steady-state analysis. Correlation between.

these values verify that the kinetic model used for the analysis is correct.

4.2.2 Kinetics at high y-cyclodextrin concentrations

At high y-CD concentrations, i.e. greater than or equal to 10 x 10~ M, the kinetics
of the pyrene: y-CD system becomes more complex. For example, in the mixing scenario
(i) above, where no pyrene/y-CD complex is present intially, the influence of a second
process is evident at time scales greater than 200 ms. Figure 4-7 shows traces of mixing
scenario (i), where the initial concentration of y-CD varied from 10 x 10® M to 40 x 10°

M.
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Figure 4-7: Stopped-flow traces monitoring pyrene excimer emission upon mixing
aqueous pyrene (5 x 107 M) with y-CD of initial concentrations (before mixing): O = 10
x 10°M; A=20x 10°M; O0=30x 10° M; X =40 x 10° M. See text below for

significance of dashed lines and arrows.

As the y-CD concentration increases, the relative decrease in amplitude of the
emission signal from t ~ 100 ms to around 1000 ms increases. This relative amplitude
was measured after extrapolating back from the plateau of the decrease in signal to the
initial fast rise in emission intensity, i.e. the dashed lines in Figure 4-7. The difference in
emission intensity signal between the top of the fast initial rise to this extrapolated line
was taken as the relative amplitude of this slow process, i.e. the arrows in Figure 4-7.
This decrease in emission intensity is labelled as the slow process, as it appears after a
longer time-base than the initial (fast) process that gives rise to the initial increase in

signal as in Figure 4-1. The decrease in emission intensity corresponds to a decrease in
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concentration of the excimer emitting species, which is equivalent to an increase in the
concentration of the pyrene monomer species. When this change in amplitude is plotted

against the final 1:2 (pyrene: y-CD) concentration (as calculated from steady-state data),

there appears to be a qualitative correlation (Figure 4-8).
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Figure 4-8: The change in amplitude that occurs in the stopped;ﬂow traces monitoring
excimer emission intensity upon mixing 5 x 107 M pyrene with y-CD (10 x 10 M to 40
x 10° M before mixing) between ~ 0.100 s and < 1.0 s (Figure 4-7) depends on the final

concentration of the 1:2 pyrene: y-CD complex.

It is interesting to note that the x-intercept of the line is at 5.1 x 10®* M (of the 1:2
complex). This corresponds to a y-CD concentration of around 5 x 10” M (based on

calculated concentrations of 2.5 x 10”7 M pyrene in y-CD solutions), before which very
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little of the doubly encapsulated monomer is present. As such, the increased complexity
of the stopped flow traces occuring on longer time scales appears to involve the 1:2

pyrene: ¥Y-CD monomer species.

4.2.3 Kinetics on long-time scales at high y-cyclodextrin concentrations
4.2.3.1 Stopped-flow results

The stopped-flow apparatus can measure kinetic events happening over a time-
scale of up to 1000 s. From Figure 4-9, it is evident kinetic events are continuously

occuring beyond 500 s in the pyrene/ y-CD system.
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Figure 4-9: Stopped-flow traces monitoring pyrene excimer and monomer emission
upon mixing aqueous pyrene (5 x 10”7 M) with y-CD of initial concentrations of 10 x 10”
M (O = excimer emission; X = monomer emission) and 30 x 10® M (A = excimer

emission; ¢ = monomer emission).

Both the monomer and the excimer emission was monitored in these traces. On
the long time scale, the trend in monomer and excimer emission intensity is
complementary, i.e. inversely related, for solutions of the same y-CD concentration.
However, the direction of emission is opposite between the two host concentrations.
That is, the excimer emission increases as pyrene is mixed with 10 x 10 M y-CD (initial
concentration), whereas it decreases from ~20 s to 500 s when pyrene is mixed with 30 x
10° M y-CD. Similarly, the monomer emission shows a continous decrease when pyrene

is mixed with 10 x 10” M y-CD (initial concentration), and it increases when the probe is
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mixed with 30 x 10° M y-CD (initial concentration). These results are further evidence
that the dynamics of the 1:2 pyrene: y-CD monomer-emitting complex occur on a slower
time-scale than that of the dimerization process. That is, the stopped-flow traces
represent the sum of all kinetic processes that are occuring in the system. As such, the
continuous increase in monomer emission intensity over 500 s at 15 x 10° M y-CD, i.e. a
high final equilibrium concentration, indicates a dominant monomer influence, whereas
this trend is not evident at 5 x 10° M y-CD, i.e. a lower final equilibrium concentration,
over the long time-base where less of the species is present. This argument is reinforced
by comparing the calculated fractions of pyrene present as the various pyrene: y-CD
complexes based on 2.5 x 107 M pyrene and equilibrium constants as described in
Chapter 3. The values given in Table 4-2 relate to the concentrations of the
aforementioned example. That is, at the higher final host concentration (15 x 10° M y-
CD), there is a much larger fraction of 1:2 monomer species relative to the fraction of this
species present at 5 x 10° M y-CD. Conversely, there is a larger increase in the fraction
of excimer emitting 2:2 complex at the low host concentration relative to the higher y-CD
concentration. The fractions of these two pyrene: y-CD complexes correlate well with

the observed changes in excimer and monomer emission intensity.




Table 4-2: Fraction of pyrene present in the multiple stoichiometric pyrene: y-CD
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complexes.

[y-CD]goa M | fraction of fraction of fraction of fraction of
pyrene as pyrene as 1:1 | pyrene as 1:2 | pyrene as 2:2
py free

5x10° 0.25 0.40 0.22 0.12

15x 10° 0.07 0.32 0.53 0.08

a) The fractions are calculated based on 0.25 x 10° M pyrene and the equilibrium

constants as described in Chapter 3.

4.2.3.2 Time-based steady-state fluorescence results

The time-scale of kinetic events in the pyrene/ y-CD system appears to occur over

the minute time scale. As such, it should be possible to monitor events occuring in real

time using time-based steady-state fluorescence. Experiments were performed by

manually mixing pyrene (5 x 107 M) and y-CD (10 x 10° M and 30 x 10> M) in a 1:1

ratio, and monitoring the emission under similar conditions as the stopped flow system

(e.g. emission range, excitation wavelength, and temperature) in order to simulate the

stopped-flow experiments. The control experiments involved mixing two solutions

together of the same final concentration, such as two aliquots of 2.5 x 107 M pyrene in 5

x 10° M y-CD in a 1:1 ratio, and monitoring the time-based scan under the same

conditions as those for the manual mixing stopped-flow simulation experiment described

above. The time-based scans were started within 30 s after mixing the solutions, and
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were monitored for 60 min. As shown in Figure 4-10, the overall trends correspond with

the stopped-flow results.
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Figure 4-10: Time-based fluorescence traces of solutions that were manually mixed in a

1:1 ratio to simulate the stopped-flow experiments on long-time scales. The top traces

monitor excimer emission; the bottom traces monitor monomer emission. The mixing

scenarios include: a=5 x 107 M pyrene (aq) + (30 x 10° M) y-CD (aq); b=5x 10" M

pyrene (aq) + (10 x 10° M) y-CD (aq). The control experiments include mixing two

solutions of the final equilibrium concentrations together: ¢ =2.5 x 107 M pyrene (aq) +

(15 x 10® M) y-CD (aq); d = 2.5 x 10”7 M pyrene (aq) + (5 x 10° M) -CD (aq ). The

traces on the right emphasize the relative change in monomer or excimer emission

intensity with time.
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That is, when pyrene (5 x 107 M) is mixed with 10 x 10° M y-CD (initial), the

monomer emission decreases whereas the excimer emission continuously increases. In
the same conditions, the monomer emission of pyrene (5 x 107 M) mixed with 30 x 10”
M y-CD (initial) shows a continous increase in emission intensity whereas the excimer
emission decreases over the time range. Ideally, the relative fluorescence intensity of the
control experiments should correspond to the final emission intensity of the stopped-flow
simulated mixing experiments, as the final concentrations of the two solutions are the
same. Although this was not observed experimentally, the relative change in emission
intensity was not as great for the control experiments as it was for the stopped-flow
simulated traces. As such, the change in emission intensity seen in the time-based scans
run on the fluorimeter were taken as significant, and not due to experimental artifacts
such as temperature effects. The discrepency seen in final emission intensity values
between the control solutions and the experimental solutions may be due to kinetics
occuring on longer time-scales than one hour (as the control solutions had equilibrated
over night). Secondly, a small change in concentration of the control solutions would
have a large influence on where the emission intensity lies relative to the time-based
curve, as the change in emission intensity that is being monitored is quite small, i.e. less

than a 10 % change in total intensity.

4.3 Discussion
4.3.1 The use of a linearized rate equation in the pyrene/ y-cyclodextrin system
As disucussed in section 4.1.1, chemical relaxation analysis is facilitated by

linearization of the rate equation. Such a process is equivalent to analysis of first order
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kinetic events that follow monoexponential behaviour. However, linearization is valid
for changes in the system that are very small, i.e. the system remains fairly close to
equilibrium. This is not the case in the experimental mixing scenario (i), however, where
there are initially no pyrene/ y-CD complexes present. Although this is so, several points
indicate the linearized equation is appropriate for the analysis. (1) The rate equation for
the dimerization process is given in Equation 4-7. This equation and the defined terms

are similar to Equation 4-1 for the bimolecular process involving two different reagents.

d?;f‘ = —(8kycq +k_)(Acy) - 2k, (Acy )
Equation 4-7

Linearization of the rate equation is valid when I(4k,c,+k) (Ac )l >> 12(k,(Ac,)?l. In the
pyrene/ y-CD system, k, of the dimerization process is (7 = 1) x 10’ M''s”, the final
equilibrium concentration of the 1:1 complex is around 1 x 107 M, and k_is 70 s™. The
change in 1:1 concentration is equal to the final equilibrium concentration in mixing
scenario (i), as no complex is formed initially. Substituting these values into Equation
4-7, we find that (1 x 10° Ms™) > (1 x 10® Ms™). Although the first term is not much
larger than the square term, linearization of the rate equation is valid as a first
approximation. (2) Integration of the linearized rate equation, as shown by Equation 4-2,
Equation 4-3, and Equation 4-4, shows the decay follows an exponential function, a
common equation for first-order kinetic processes. The stopped-flow data are fit to a
single exponential function at low y-CD concentrations. If the perturbed system did not

correspond to the linearized rate equation, the data would not be fit as a first-order
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function as it would have second-order dependence. (3) The observed rate constants
from mixing scenario (i), i.e. from the relatively large perturbation, are similar to those
from mixing scenario (ii), where the perturbation is small, i.e. within accepted values®
(see Figure 4-6). Further, analysis of this data leads to a calculated equilibrium constant
of (1.0 £0.2) x 10° M, which agrees within experimental error with the value determine
from steady-state measurements (1.5 + 0.5) x 10° M. These agreements are good

indication that the (linearized) relaxation kinetics equation and analysis model are valid.

4.3.2 Kinetic and thermodynamic model of the pyrene/ y-cyclodextrin system
The thermodynamic equilibrium constants of the pyrene/ y-CD system that were
determined in Chapter 3 are shown in Scheme 4-1. Kinetic parameters may be added to

this and compared to the thermodynamic data, as shown in Scheme 4-2.
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Scheme 4-2: Thermodynamic and kinetic parameters of the pyrene/ y-CD system based
on stopped-flow kinetic data (normal font), and compared to thermodynamic equilibrium

constants (bold font, Chapter 3).

The formation of the 1:1 complex (step (1) in Scheme 4-2) is assumed to occur
faster than the time-resolution of the stopped-flow system. There are several pieces of
evidence that indicate that this assumption is correct: i) No excimer emitting species is
involved in this first step. However, as the change in excimer emission intensity in the
stopped-flow experiments corresponds to the direction and relative degree of change in
excimer emission intensity in steady-state measurements, the dominant process being
monitored (within 500 ms) are those involving excimer emission, i.e. dimerization
kinetics (see below). It should be noted that although kinetics occur on much longer
time-scales than 500 ms in the pyrene/ y-CD system, the comparison between the
direction of the change in emission intensity between stopped-flow traces and steady-
state spectra are consistent in the analysis range studied. As a result, only the direction

rather than the magnitude of amplitude change may be compared between steady-state
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spectra and stopped-flow traces. ii) Values of formation rate constants of 1:1 probe: CD

inclusion complexes involving large organic molecules in aqueous systems have been
reported as being in the range of 10’ M's to 10* M's! '***¥%% and have even been
considered to be “diffusion controlled” *. Under such an assumption, the dissociation
rate constant, k , can be calculated by substituting the equilibrium constant of 1:1
formation (Chapter 3) and the assumed association rate constant, k,, into Equation 4-6.
The resulting values are k, = 1 x 10 M's' and k.= 3.3 x 10° s'. Substituting these
values into Equation 4-3, and noting that step (1) is under pseudo-first order conditions,
i.e. [CD] ~ 10 M >> [py], the observed rate constant is ~ 4 x 10°s™. As the stopped-
flow monitors processes occuring in the ms time-range, the fast association process
occuring in the ps time-scale is not measureable.

Step (2) in Scheme 4-2 is the dimerization process. The analysis of this step may
be considered semi-quantitative, as it partially represents the full complexities of the
system. For example, kinetic events occur on a much longer time scale than that from
which the kinetic rate constants were determined. Also, the analysis was done based on
the steady-state data from which the final 1:1 pyrene: y-CD monomer concentrations
were calculated. Although this is the case, the analysis was done only at low CD
concentrations where the slow component, i.e. the presence of the 1:2 monomer, is not
very significant. The ratio of the association ((7 + 1) x 10’ M s™") and dissociation rate
constants (69 + 5 s) obtained using the dimerization analysis method ((1.0 + 0.2) x 10°
M) agree within experimental error with the equilibrium constant obtained from steady-
state analysis ((1.5 £ 0.5) x 10° M™"). Although the association rate constant of the

dimerization process is of the same order of magnitude as the association rate constant



126
assumed for the 1:1 complex (step (1)), the stopped-flow apparatus can be used to

measure the kinetics of the dimerization process. This is because the observed rate
constant depends on the (low) concentration of the 1:1 inclusion complex, i.e. ~ 1 x 107
M. That is, by substituting the dimerization rate constants and the 1:1 concentration into
Equation 4-5, the observed rate constant is ~ 100 s*. As the summed association and
dissociation processes occurs in approximately 10 ms, the dynamics are indeed
measureable on the stopped-flow apparatus. These results and analyses verify that the
dimerization model, the final equilibrium concentrations used, and the obtained kinetic
parameters are valid as a first-approximation.

Contrasting the high association rate constant for the dimerization process, the
dissociation rate constant is quite low. The tendency for the 2:2 complex to fall apart
relatively slowly may be a result of the high stability of this complex. For example, a
doubly encapsulated species is likely more protected from the aqueous phase; thus,
encapsulating two pyrene molecules into two CD cavities is likely due to the hydrophobic
effect, or protection of the hydrophobic guests from the aqueous phase. Further, two-
pyrene molecules would fill the two CD cavities to a larger capacity than would a single
pyrene molecule. As such, other non-covalent interactions are present to a larger extent
in the doubly occupied complex than in a single-pyrene 1:2 complex.

Step (3) involves the formation of the 1:2 pyrene: y-CD monomer. This monomer
species is significant at host concentrations greater than 5 x 10° M. Congruently,
complex kinetics are seen in the stopped-flow traces at higher CD concentrations. These
events appear at time-scales greater than approximately 150 ms, i.e. on longer time-scales

than that over which the dimerization processes occur. For example, a decrease in the
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excimer emission intensity is seen in the stopped-flow traces (Figure 4-7). The fact that
the proportion of this decrease in amplitude of excimer emission intensity corresponds
the the concentration of 1:2 monomer (Figure 4-8) qualitatively indicates that these
kinetic events are due to this complex, and that they are slower than the dynamics of the
dimerization process. Before this system can be analyzed quantitatively, however, it is
necessary to realize that all of the processes in Scheme 4-2 are linked to some degree.
This is because the reactions, i.e. steps (1), (2) and (3), are coupled by a common reagent
%, In this case, the common reagent is the 1:1 pyrene: y-CD complex. Reaction
mechanisms involving more than one step are often characterized by more than one
relaxation time. The number of relaxation times is equal to the number of states (or
equilibrium complexes) minus one*, However, when certain species are not present in
large enough concentration to be detected some of the relaxation times are not detectable
%, This is likely the case at low CD concentrations where the concentration of the 1:2
monomer complex is relatively low. However, at higher host concentrations, the slow
decrease in excimer emission intensity (of mixing scenario (i)) does have a second
relaxation time. These two relaxation times are likely due to step (2) and step (3) in
Scheme 4-2, as step (1) occurs faster than the time resolution of the instrument.
Although this is the case, this first step may still contribute to the overall kinetics of the
system. As such, a fully quantitative analysis must consider such a coupling or
dependence among all of the reactions, and will require studies where the pyrene
concentration is varied over a wider range. Qualitatively, however, a valid observation is
that the dimerization of the 1:1 process occurs on a faster time scale than the dynamics

involving the 1:2 complex.
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4.3.3 Implications of kinetic results

The results of the kinetic study of the pyrene/ y-CD system indicate that the
dimerization process is fast, whereas the 1:2 pyrene: y-CD monomer complex kinetics are
relatively slower. That is, the 2:2 complex is the kinetically driven product, whereas the
doubly encapsulated monomer is the thermodynamic mass balance product. This concept

is expressed on a larger scale in Scheme 4-3.

py 1 2 3
¥vCD
1
2 . —_
5 kinetically
' *. driven
: & product
, (probe,:CDp)
’ \/
"thermodynamic
mass balance
product”
(probe:CDp)

Scheme 4-3: Possible implication of the kinetic results of the pyrene/ y-CD system. Of
the multiple stoichiometric complexes present, the kinetically driven product is of the

stoichiometric ratio (probe,- CD,), while that of the thermodynamic mass balance product

is (probe-CD,) where n > 2.
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The kinetically driven product seems to be more dependent on the structure of the

probe molecule(s) than does the "thermodynamic mass balance" product. For example,
for the pyrene/ y-CD system, the multiple stoichiometric complex in which a larger
amount of the hydrophobic CD cavities are filled with hydrophobic moieties forms faster
than the complex that contains a smaller amount of hydrophobic species. This may be
because the water within the cavity and solvating the hydrophobic pyrene is rapidly
removed upon the interaction of the two molecules, thereby driving the n:n complex
together. Another driving force for this rapid formation step may be a result of the higher
degree of non-covalent interactions involved in an inclusion complex of reduced empty
space.

The thermodynamic mass balance product, however, is less dependent on the
probe molecule. It involves encapsulation of a probe, but its formation is driven by mass
balance, i.e. the excess CD concentration compared to the pyrene concentration, rather
than host- guest interactions. This is evident as this product forms more slowly than the
n:n complex, i.e. the driving force of formation is not as strong (e.g. lower equilibrium
constants), yet it is an important equilibrium at high CD concentrations.

This concept has important implications for cyclodextrin applications and their
use as models of supramolecular systems. For example, cyclodextrins may be used as
hosts in supramolecular systems to form and perhaps trap products at a higher
concentration than expected from a thermodynamic analysis. This is because the kinetic
product is transiently at higher concentrations than at the final equilibrium position.
Conversely, the stability of the aggregated CDs has implications on how much CD is

required for various applications.
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4.3.4 Comparison between the pyrene/ y-cyclodextrin kinetic study and other
probe/ cyclodextrin literature results

As discussed in the Introduction, kinetic studies of other probe: CD inclusion
complexes have been studied, and the rate constants obtained have been shown to vary
quite substantially. In most of these cases, the stoichiometries of the probe: host
complexes and their stability constants were determined before the kinetic study was
undertaken. In the case of a-CD encapsulating various azo dyes, the stoichiometry is
consistently 1:1%*. However, although the observed rate constant varied with CD
concentration, the fit of this data to the kinetic model improved when a two-step binding
model was considered. This included a fast inclusion process followed by a slow
conformational change in the complex, resulting in the (relatively stable) 1:1 complex.

In systems involving larger guest molecules, kinetic studies involving multiple
stoichiometric species within f—CD and y-CD hosts have been investigated. In the case
of Crystal Violet” (containing three benzyl groups) and Tropaeolin 000 No. 2
*'(containing a naphthyl group), 1:1 and 2:1 probe: y-CD complexes have been proposed;
in the latter system, a 2:2 complex was also proposed, although its dynamics are
considered to be fast, i.e. faster than the time resolution of the measuring technique. The
perturbation method used in these studies are dominantly the temperature-jump technique
using an absorption detection system. In these two systems, the kinetics involving the 2:1
probe: CD complexes were considered slow, and the observed data was analysed as such.
It is interesting to note, however, that both of these probe molecules are known to

dimerize independently of the host molecule in the aqueous phase. Further, most of these
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probe molecules (including the azo dyes in the a-CD complexes) were ionic under the
conditions of the studies. As such, the driving force for the 2:2 probe: CD complex is
reduced, as the probe is not as hydrophobic. Rather, the 2:1 probe: CD complex would
be a more stable complex (and therefore have a slow dissociation step) as the
hydrophobic portion of the dimer could be encorporated into the cavity, while the ionic
portion is open to the aqueous phase.

Other studies have also pmposed the formation of extended CD aggregates with
the aid of probe molecules. For example, a naphthyl-substituted B-CD system was found
to form non-excimer emitting dimer complexes®. That is, rather than self-including the
naphthyl moiety, an extended aggregate forms whereby the naphthyl group is
encorporated into the -CD portion of another naphthyl-substituted B-CD molecule. This
study also noted that measurements made with freshly prepared solutions did not
resemble the equilibrium conditions, i.e. slow dynamics were involved. Another example
of probe/CD interactions resulting in CD aggregates involved the probe molecule 2,5-
Diphenyloxazole (PPO). Linear aggregates of the repeating unit (2PPO: y-CD), was

proposed®®®,

4.4 Conclusions of kinetic analysis

Although the above examples from the literature are substantially different from
the pyrene/ y-CD system, some interesting comparisons and conclusions can be made.
For example, although the characterization of the system should be known before kinetic
studies are undertaken, i.e. so that an initial kinetic model may be proposed, the kinetic

model employed to analyse the kinetic results can also be used to reinforce and/or alter
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the characterization results. Secondly, the probe molecule appears to influence the

kinetics of multiple stoichiometric probe: CD complexes. The size, hydrophobicity, ionic
character, and (internal) dimerization properties of the probe all influence not only which
complexes form, but also the kinetics of the various complexes. This is so, as it appears
the stability of the complex influences the kinetic role it has in the total system. For
example, the “mass balance product”, i.e. a probe: CD complex that contains one probe
molecule and two or more CD molecules, does not appear in the literature studies
(involving chemical perturbation) discussed above involving ionic probe molecules. It
appears that encapsulation by more than one (hydrophobic) CD cavity is not favored in
such cases. As such, the probe molecule appears to be very influential in the stability and
dynamic processes occuring in the mulitiple stoichiometric CD systems, including both

the CD aggregated and probe-driven n:n complexes.
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5. Conclusions

The pyrene/ y-CD supramolecular guest: host system was characterized to
facilitate an investigation into the dynamics of a supramolecular system containing
multiple stoichiometric complexes. Thermodynamic characterization of this system has
been reported by several authors while its dynamic characterization has not. As the
previously reported thermodynamic characterization results are ambiguous and
inconsistent, we reinvestigated this aspect of the system using several techniques, such as
quenching, steady-state fluorescence, and time-resolved fluorescence. The data obtained
by the combination of the various techniques allowed for a comparative and
complementary analysis. For example, using various host and quencher concentrations,
the steady-state fluorescence data (e.g. the pyrene hydrophobicity indicator, the R(I/III)
ratio, and the excimer-to-monomer intensity ratio) together with the time-resolved
fluorescence data analysis indicated that a fairly protected monomer in a relatively
hydrophobic environment is present in the system at higher y-CD concentrations. That is,
a 1:2 pyrene: y-CD monomer exists in solution in addition to free aqueous pyrene and
that within a 1:1 pyrene: y-CD complex. Excimer fluorescence emission indicated the
presence of a complex containing two pyrene molecules. The decrease in the excimer-to-
monomer intensity ratio upon increasing the pH of the system to above the pK, of the CD
hydroxyl groups indicated that the complex that gives rise to the excimer emission is a
2:2 complex, as the repulsion between the deprotonated hydroxyl groups forces the two
1:1 components apart. Further, the inability of the (aqueous) iodide quencher to reduce
the lifetime of the excimer emitting complex to the degree expected indicates that this

complex is fairly protected from the aqueous phase, such as within two CD cavities.
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The kinetics of the pyrene/ y-CD system are quite complex, and appear to occur

over the minute time-scale. However, the relatively fast kinetics, i.e. the events occuring
in the ms time-scale, may be analyzed in terms of a dimerization process where two 1:1
complexes come together to form the 2:2 pyrene: y-CD complex. This complex is
considered the kinetic product, as it is the first of the mulitiple stoichiometric complexes
to form when solutions containing aqueous pyrene and y-CD are mixed. The relatively
slow dissociation of this complex, however, should be noted. The 1:2 complex is
proposed to be the “mass balance product”. Its formation is delayed relative to the initial
formation of the 2:2 complex, and the complexation process is proposed to be driven by
the presence of excess CD. The formation of a doubly encapsulated pyrene monomer is a
reasonable hypothesis as the hydrophobic pyrene molecule is likely to be quite stable
within the hydrophobic environment of two CDs. Thus, the kinetic events of the
supramolecular system involving multiple stoichiometric complexes depends on both the
properties of the probe (e.g. structure, hydrophobicity, size), as well as on the aggregation
of CDs. This latter step seems to occur with the aid of the probe.

The concepts and methodologies proposed in this study contribute to the field of
supramolecular dynamics, and could influence the way CDs are used in applications and
as models of supramolecular systems. Further, they could be important in the way future
studies are undertaken to further investigate the interesting dynamics involved in guest:

CD supramolecular systems containing multiple stoichiometric complexes.
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