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ABSTRACT 

The intramolecular dynamics of lyotropic liquid crystals 

have been investigated by the use of nanosecond resolved 

fluorescence spectroscopy. Frequency-domain fluorescence 

intensity decays of the intramolecular excimer forming 

dipyrenylphosphatidylethanolamine (DipyPE) in fully hydrated 

dioleoylphosphatidylethanolamine (DOPE) and dipyrenyl

phosphatidylcholine (DipyPC) in dimyristoylphosphatidyl

choline (DMPC) suspensions have been measured at the monomer 

(395 nm) and excimer (475 nm) emissions and at different 

temperatures (0-40°C). A classical Birks (2-state) and a new 

3-state kinetic models were employed to analyze the frequency

domain data. The 3-state model allowed one to resolve various 

intramolecular dynamics parameters of DipyPE or DipyPC in the 

host DOPE and DMPC suspensions. Those parameters are the 

excimer association (Keirn) and dissociation (Kmd) rate 

constants, effective concentration (C) and lateral diffusion 

rate (f) of the pyrene moieties in the DipyPE or DipyPC. In 

contrast, only CKeirn and Kmd were determined based on the 2-

state model. It was observed that Keirn declined while C 

increased abruptly at -l2°C, the known thermotropic lamellar 

liquid crystalline-to-inverted hexagonal (La-HII) phase 

transition temperature of DOPE, for DipyPE. On the other hand, 

it was observed that Keirn increased while C declined abruptly 

at -22 °C, the known thermotropic lamellar gel-to-Lamellar 
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liquid crystalline (Lp-La) phase transition temperature of 

DMPC, for DipyPC. No abrupt changes in Kmd and f were observed 

at all temperatures for either DipyPE or DipyPC. We concluded 

that the rotation of the lipid acyl chains is hindered and the 

free volume available for the lipid terminal methyl ends is 

reduced as the lipid membrane enters either the HII or Lp phase 

from the La phase. 
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CHAPTER 1 

INTRODUCTION 

1.1 Structural Polymorphism of Lyotropic 
Liquid Crystals 

Liquid crystals, called the fourth state of matter 

(Lehmann, 1904), share many interesting properties among 

crystalline solids and isotropic liquids. The molecules in the 

liquid crystals demonstrate a certain degree of long-range 

solid-like structural order as well as fluid-like 

translational and rotational mobility. In 1992, Pierre Gilles 

de Gennes was awarded the Nobel Prize in Physics for his 

significant contributions in the basic understanding of liquid 

crystals and the other related soft materials (Science 

lecture, de Gennes, 1992). 

Lyotropic liquid crystals represent a class of liquid 

crystals which can be formed spontaneously upon mixing 

amphiphilic molecules with a solvent. An amphiphilic molecule 

(amphiphile) consists of a water-soluble (hydrophilic) polar 

group and a water-insoluble (hydrophobic) hydrocarbon group. 

Most of the current theoretical and experimental 

investigations on lyotropic liquid crystals are focused on the 

lipid/water system, which exhibits rich structural 

polymorphism of different packing symmetries. The lipid/water 

liquid crystals provide a simple but well-defined model for 

studying the structural dynamics of biomembranes (Cheng et 

al., 1986a,b; Epand et al., 1988; Hui & Sen, 1989; Siegel et 
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al., 1989), complex fluid (de Gennes, 1992) and organic films 

(Wic~nan, 1993; Kirkpatrick et al., 1992). Lipids are a major 

class of biological molecules found in all cell membranes. A 

single lipid molecule is usually made of one hydrophilic head 

group and two hydrophobic hydrocarbon chains (Fig. 1. 1) • 

Mixtures of lipids and water exhibit various stable or 

metastable polymorphic phases. The preference of a specific 

phase of the liquid crystals depends on a multi tude of 

parameters such as relative compositions of lipids and water, 

temperature, pressure, ionic strength, and pH. Factors which 

influence the stability of a particular ordered phase or the 

phase equilibrium include molecular shape, hydration, inter

hydrogen bonding and geometrical packing constraints of the 

lipids in the liquid crystals. Although much is known about 

the structural organization of liquid crystals, the detailed 

molecular dynamics of the monomers in liquid crystals at 

different time domains are still not well established. 

The classifications of the structural phases of 

lipid/water systems are based on the long-range organization 

and periodicity (lattice type), chain order (fluid or extended 

chains), and curvature (normal or inverted type) of the lipid 

layers of the liquid crystals. A nomenclature proposed by 

Luzzati back in 1968 is commonly employed to categorize 

different ordered phases. An upper-case Latin letter is used 

to characterize the type of long-range order. Liquid crystals 

with one-dimensional lamellar and two-dimensional hexagonal 
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arrangements are denoted by L and H, separately. A lower-case 

Greek subscript lS used to specify the short-range 

conformation of the hydrocarbon chains. Therefore crystals 

with disordered (fluid) and ordered (gel) chains are assigned 

a and p phases, accordingly. In cases where the interior and 

exterior volumes of the liquid crystals can be identified 

topologically, Roman numerals are used to characterize the 

content of the structural elements. When lipids form molecular 

aggregates in a continuous water matrix, this lipid-in-water 

structure is called type I or normal crystal. Conversely when 

water forms continuous channels within the lipid matrix, the 

water-in-lipid structure is called type II or inverted 

crystal. The structural morphologies of the ordered phases of 

lipid/water have been extensively studied by 
. 

varlous 

structural techniques, e.g., X-ray diffraction (Caffrey, 1985; 

Bani & Hui, 1983; Gruner et al., 1985), electron microscopy 

(Tinker & Pinteric, 1971; Verkleij, 1984; Cheng et al., 

1986a&b) and differential scanning calorimetry (Ellens et al., 

1986; Brown et al., 1986; Epand & Bottega, 1987). Common 

ordered phases, such as lamellar gel (Lp), lamellar liquid 

crystalline (La), inverted hexagonal (H11 ) phases, have been 

identified in most fully hydrated native or synthetic lipids. 

The topological arrangements of lipids and water in these 

three ordered phased are shown in Fig. 1.2. 

In the Lp phase, the molecules are arranged in a one

dimensional lattice which consists of stacked lipid bilayers 
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Figure 1.2 

Representation of three lipid/water ordered phases. (A) 
lamellar gel (Lfl), (B) Lamellar liquid crystalline (La>, 
and (C) Inverted hexagonal (Hn> phases. In each phase, 
the hydrocarbon chain region is separated from the water 
by an interface formed by the polar headgroup of the 
lipids. The shaded regions in the diagram represent the 
water. 
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with layers of water between the polar surfaces of the lipids. 

The hydrocarbon chains are mostly in the stretched form, or 

all-trans conformation. In the L~ phase, the molecules are 

arranged in a similar lamellar arrangement as those in the L~ 

phase, but more extensive gauche-conformers are formed in the 

lipid chains. In the H11 phase, the molecules are arranged in 

a two-dimensional hexagonal lattice in which the lipid 

molecules form long water-cored cylindrical tube with the 

polar head groups facing inside. 

1.2 Inter- And Intra-Molecular Dynamics of 
Lyotropic Liquid Crystals 

The molecular dynamics of lyotropic liquid crystals have 

been studied extensively for a long time (Friedel, 1922; 

McBain, 1913,1926; McBain et al.,1939, 1940, 1943; Vold, 

1939). Most previous studies were however focused on the 

intermolecular dynamics. Different kinds of intermolecular 

motions, which range from millisecond to nanosecond time 

scales, are possible for the lipids in the lyotropic liquid 

crystals. These motions include the lateral diffusion of the 

lipid, hindered rotations of the lipid, local or collective 

director fluctuation of the lipid layer, and collective 

density fluctuation of the lipids in the lipid layer (Fig. 

1. 3) . The lateral diffusion of the lipid refers to the 

translational and confined motions of the lipid within the 

lipid layer. The lateral diffusion coefficient of the lipid 

usually falls in the range of 10-7-10-8 cm2 s- 1
, which is roughly 
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2-3 order of magnitude smaller than that of water in isotropic 

liquid. The hindered rotations of the lipid are the rotational 

diffusion motions of the whole lipid with the axes of 

rotations along and perpendicular to its long symmetric axis, 

and the values of rotational diffusion constants,i.e., D1 and 

D.L, are -10 12 and 10 8 rad2 s-1
, respectively. Hence, both lateral 

and rotational diffusion motions are in the microsecond to 

subnanosecond region. The local or collective director 

fluctuation of the lipid layer corresponds to the slow wavy 

motion on the surfaces of the lipid layers. The collective 

density fluctuation of the lipids is associated with the 

change of the population density of the lipids within the 

lipid matrix. The above two collective motions usually fall 

into the millisecond to microsecond time regime. 

Very little is known about the detailed intramolecular 

dynamics of lipids in lyotropic liquid crystals. The 

intramolecular motion may include the relative hindered 

scissoring or swinging motion of the whole chains, internal 

rotation of the whole chain with respect to the lipid molecule 

and also the fast trans-gauche isomerization conversion at 

different locations of the hydrocarbon chains (Fig. 1.3). The 

hindered swinging motion of the chains is also referred to as 

the intra-lipid diffusion. The internal rotation of the chains 

is also referred to as the intra-lipid rotation. The rates of 

intra-lipid diffusion and rotation are believed to be in the 

microsecond to nanosecond time scale. Yet the rate of 
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isomerization is within the subpicosecond to femtosecond time 

scale (Pastor and Venable, 1988; Loof et al., 1991). 

1.3 Spectroscopic Techniques 

During the past few years, several nanosecond-resolved 

fluorescence, Raman/infrared, nuclear magnetic resonance 

spectroscopic studies aiming at understanding the inter- and 

intramolecular interactions among the molecules in the liquid 

crystals have been initiated. Our biophysics laboratory at 

Texas Tech University has been focused on the nanosecond-

resolved fluorescence and infrared spectroscopic techniques. 

At present, the detailed intramolecular dynamics of the lipids 

in any polymorphic phase has not been fully explored either 

theoretically or experimentally (Vauhkonen et al., 1990; 

Eklund et al., 1992; Cheng et al., 1991; Liu et al., 1993). 

1.4 Thesis Scope 

In this study, we attempted to investigate the 

intramolecular dynamics of the lipid acyl chains in the Lp, Lm 

and Hn phases by measuring the excimer formation kinetics of 

dual-chain pyrene-labeled lipids, dipyrenyl lipids, embedded 

in two different well-defined liquid crystals. Fully hydrated 

dimyristoylphosphatidylcholine (DMPC) anddioleoylphospatidyl-

ethanolamine (DOPE) suspensions were employed as our lyotropic 

liquid crystal systems. The DOPE/water system has a well-known 

Lm-H11 phase transition at around 10°C (Cheng, 1989; Gawrisch 
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et al., 1992). The DMPC/water system has a Lp-L. phase 

transition at around 22°C. At a sufficiently low concentration 

of dipyrenyl lipids in the host lipid/water suspension, the 

measured excimer formation kinetics among the pyrene moieties 

is solely an intramolecular diffusion-controlled event within 

a single dipyrenyl lipid (Cheng et al., 1991; Eklund et al., 

1992; Liu et al., 1993). In addition, the intermolecular 

excimer formation between two different dipyrenyl lipids can 

be ignored (Cheng et al., 1991; Vauhkonen et al., 1990; Eklund 

et al., 1992). 

Two theoretical bimolecular excited-state reaction 

models, 2- and 3-state kinetic models, are employed in this 

study. The classical 2-state, or Birks, model has been used 

extensively to examine the intermolecular excimer formation 

kinetics of molecules in isotropic solutions (Birks, 1970) as 

well as the inter- and intramolecular kinetics in liquid 

crystals (Cheng, 1989; Cheng, 1991; Cheng et al., 1991). 

However, this 2-state model has also been shown to be 

insufficient in describing the detailed dynamics of molecules 

in a highly hindered and anisotropic liquid crystalline 

environment (Cheng et al., 1991; Vauhkonen et al., 1990; 

Sugar, 1991; Sugar, 1991). Recently, a 3-state kinetic model 

was developed to investigate the lateral diffusion, or 

intermolecular dynamics of lipid molecules in the lamellar 

liquid crystals (Sugar, 1991; Sugar et al., 1991). The major 

difference between the two models is the proposed new excited 
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state-intermediate in the 3-state model. Here we have further 

extended the application of this 3-state model into exploring 

the intramolecular dynamics of the lipid molecules in well 

defined liquid crystals. A brief description of the 2- and 3-

state models and their major assumptions used in this study is 

also presented in this study. 
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CHAPTER 2 

FREQUENCY-RESOLVED FLUORESCENCE SPECTROSCOPY 

2.1 Multifreguency Phase-Modulation 
Fluorometry 

2.1.1 Introduction 

Fluorescence spectroscopic methods are widely used in 

various research areas of physical, chemical and biochemical 

sciences. Determination of fluorescence intensity I(t) decays 

of a fluorescent sample can be accomplished by performing 

photoluminescence measurements either in the time domain or in 

the frequency domain. In the time domain, the time-dependent 

fluorescence intensity decays emitted by the sample following 

a pulsed photo-excitation are measured. In the frequency 

domain, the phase angles and the demodulations of the 

fluorescence emission relative to the intensity-modulated 

incident light at different modulation frequencies are 

measured. During the past 20 years, considerable progress has 

been made based on the time-domain photoluminescence 

technique. This includes the development of fast data 

collection electronics, fast-response photomultipier, ultra-

short pulselaser and software for analyzing fluorescence decay 

lifetimes of a variety of samples (Demas, 1983; Lakowicz, 

1983). Recently, the frequency-domain technique has become a 

popular and powerful alternative to the time-domain technique. 

Several years ago, most commercially available phase

modulation fluorometers were operated at only one to three 
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fixed modulation frequencies. Even with very precisely 

measured data, the limited number of frequencies severely 

hindered the possibility of resolving complex intensity decays 

of a fluorescent sample. The appearance of continuously 

variable- and multi-frequency phase-modulation fluorometry has 

enormously extended the scope and power of the frequency

domain technique (Menzel & Popovic, 1978; Gratton & Limkeman, 

1983; Cheng, 1989). A properly equipped multifrequency cross

correlation phase-modulation fluorometer is now available to 

measure the phase and modulation data over a wide range of 

modulation frequencies, from hundreds of kilohertz to even 

several gigahertz (Gratton & Limekman, 1983; Lakowicz & 

Maliwal, 1985; Lakowicz et al., 1986). 

2.1.2 Basic Principles 

The frequency-domain (phase-modulation) method employs 

sinusoidally modulated light of angular frequency w as the 

excitation source. The fluorescence emission can be visualized 

as a forced response to the externally driven photo 

excitation, and its intensity is modulated at the same 

modulation frequency as the excitation (Fig. 2.1). Because of 

the decay behavior of the excited state, the modulated 

emission is delayed in phase by an angle $ relative to the 

excitation. Furthermore, the emission is less modulated 

(demodulated) relative to the excitation. That is equivalent 

to saying that the relative amplitude of the variable, or ACE"' 
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Schematic representation of the excitation E(t) and 
Fluorescence F(t) waveforms. 
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portion with respect to the steady state, or DC~ level, of the 

emission, i.e., AC~/DC~, is smaller than that of the 

excitation, i.e., ACEx/DCEX. The phase angles ( <I> ) and 

demodulation factors [m = at different 

modulation frequencies are both measured simultaneously and 

constitute the basic data set for the frequency-domain 

measurements. 

The impulse response function f(t), which is obtained 

from the time-domain technique, is related to the <l>(w) and 

m( w) values, which are obtained from the frequency-domain 

technique, by the sine (N(w)) and cosine (D(w)) transforms. 

The mathematic forms of N(w) and D(w) are given by 

.. .. 
N(w) = [J f( t) sinwt dt] I [J f( t) dt] ( 1) 

0 0 

D(w) = [J f( t) cosw t dt] I [J f( t) dt] . ( 2 ) 

0 0 

Usually, a term called the complex demodulation factor, X(w), 

is also employed and can be expressed as 

X(w) =N(w) +iD(w). ( 3 ) 

Now, the experimentally measured values of <l>(w) and m(w) are 

related with the N(w) and D(w) by 

<I> (w) =tan-1 (N(w) ID(w)) ( 4) 
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m ( w ) = ( N 2 ( w ) + D 2 ( w ) ) 1 I 2 • ( 5) 

These equations provide the basis for the mathematical 

equivalence between the frequency- and time-domain methods for 

describing the fluorescence intensity decay of any fluorescent 

sample. 

For convenience, the phase angles (~) and demodulation 

factors (m) are sometimes expressed in terms of the phase (~p) 

and modulation (~m) lifetimes which are defined as 

~ p=U> - 1 tan<t> 

~m=w-1 [ (1/m2) -1] 1/2. 

( 6 ) 

( 7 ) 

As clearly seen in the above equations, the values of ~ and m 

provide two independent determinations of the fluorescence 

lifetime of the sample at any given modulation frequency. 

Traditionally, only the phase angles were used to calculate 

the fluorescence lifetime of a sample in some older 

instruments. Note that if the fluorescence emission of a 

sample decays exponentially with a single lifetime ~ upon a 

pulsed excitation, then ~P and ~m should be identical and equal 

to the actual lifetime ~. Now, if the decay is not single or 

monoexponential, then ~P and ~m may not be equal. Hence, one 

can predict simply from the discrepancy of the values of ~m 

and ~P that the sample exhibits complex decay behavior. For a 

simple case of multiple decay process and each decay is 
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characterized by a single fluorescence lifetime, the 

fluorescence intensity decay ( f ( t)) of the sample can be 

estimated by a sum of exponential decays, i.e., 

n 

f( t) =I: aie-t1"1 

i 

( 8) 

where ai is pre-exponential factor of the ith component, ~i is 

the fluorescence lifetime of the i th component and n is the 

total number of components. It is important to point out that 

the multi-exponential decay law ( Eq. ( 8) ) assumes that the 

fluorophores exhibit ground state heterogeneity and that the 

excited state fluorophores are uncoupled, i.e., there are no 

excited state reactions among the excited fluorophores. 

However, irrespective of the complexity of the decay law, the 

multi-exponential has been used extensively. Unfortunately, 

the questioning of the validity of the above assumption in 

most samples is usually ignored. Based on Eq.(8), closed forms 

of N(hl) and D(hl) have been obtained. 

n 2 n 

N ( w ) = " _a__;;i;__w_~_i I " a . ~ . 
L.J 22 L.J ~~ 
i=l l+w ~i i=l 

( 9) 

n a ·'t . n 
D(w)=" ~ ~ !"«·~·· L.J 22 L.J ~~ 

i=l l+w ~i i=l 

( 10) 
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2.1.3 Principle Of Cross-Correlation Detection 

Accurate measurements of the phase shifts t(w) and 

demodulation rates m(w) of the fluorescence emission as 

compared with those of the original excitation light at 

different modulation frequencies are required in the 

frequency-domain method. For any fluorescence event in the 

nanosecond region, the modulation frequencies used for the 

frequency-domain detection will fall into the range of 10-100 

MHz. Evidently, direct and accurate measurements of phase 

shifts and demodulations are rather difficult to achieve at 

those frequencies. '!'his problem of direct high frequency 

measurements is eliminated by using the cross-correlation 

method. In 1969, Weber and Spencer at the University of 

Illinois first devised an ingenious procedure in which the 

high frequency signal is transformed or converted into the low 

frequency signal of only a few Hz using a cross-correlation 

method. Yet the low frequency signal still contains the same 

phase and demodulation ir1formation as does the original high 

frequency signal. '!'his conversion can be performed directly in 

the photomultiplier tube. The values of phase shifts and 

demodulations of the low frequency signal are easily measured 

with a simple time interval counter and a digital voltmeter. 

Specifically this cross-correlation detection is accomplished 

by modulating the gain of the photomultiplier tube at a 

frequency we which is slightly different by ~w from the 

frequency w of the excitation light. Here we is equal to w+~w. 

18 



Assume that the intensity F(t) of the emitted light received 

by the photomultiplier tube can be described by 

F( t) =F0 [ 1 +Mcos ( w t+<l>) ] (11) 

where F0 is the average fluorescence intensity, M is the 

modulation level and <I> is the phase of the emission with 

respect to the excitation. The photomultiplier gain is varied 

by applying a modulating voltage on one of its dynodes and the 

voltage is expressed as 

(12) 

where C0 and Me are the average intensity and modulation level 

of the applying voltage, respectively, and <l>e is an arbitrary 

phase. With this modulating voltage, the overall signal S(t) 

received by the photomultiplier tube is then a product of C(t) 

and F(t) and therefore has the form of 

The last term of above equation can further be rewritten as 

where A<l> = <l>e- <I>· If we is very close tow, then Eq.(13) will 

contain a constant term, two terms of frequency w, a term of 
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frequency 2w, plus a term of frequency llw. The term of 

frequency llw, or the low frequency term, possesses all the 

phase and modulation information (i.e., <t> and M) of the 

original fluorescence signal. 

2.1.4 Schematics Of The Frequency-Domain 
Fluorometer 

A schematic description of the mul tifrequency cross-

correlation phase-modulation fluorometer used in this study is 

shown in Figure 2.2. A cw He-Cd laser (Liconix 4240NB) with an 

output of 15 mW at 325 nm was used as the excitation source. 

The output of this cw UV laser was intensity-modulated by a 

pockels cell (PC) ( Lasermetrics 1042) • A frequency synthesizer 

(FS1) (Marconi 2022A) was used as the frequency source. The 

output of this FS1 is amplified by a broadband 25 watt radio 

frequency power amplifier (ENI 325LA for 0.1-10 MHz; ENI 525LA 

for 1-300 MHz) and sent to the pockels cell. After passing 

through the pockels cell and to the two-way-polarizer (TWP), 

the intensity of the light was modulated with the same 

frequency as the frequency of FS1. The modulation level of the 

excitation light depended on the optical alignment of the PC 

and TWP, as well as on the driven frequency. A modulation 

level of 0. 5-1.0 was usually achieved for the excitation 

light. 

The intensity-modulated light was used to excite the 

fluorescent sample. The fluorescence emission signal from the 

sample was phase shifted and intensity demodulated with 
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Figure 2.2 
Schematic representation of the nwltifrequency cross
co~-relation phase-modulation fluorometer. L, He-Cd laser; 
TWP, two-way polarizer; PC, pockels cell; M, mirror; PMTl 
& PMT2, photomultipliers; Al, 25 watt rf power amplifier; 
A2, 3 watt rf power amplifier; FSl & FS2, frequency 
synthesizers; BS, l>eam splitter; P, polarizer; s, sample 
turret; SMC, stepper motor controller; L, lens; Moch, 
monochromator; F, filter;DVM, digital voltmeter. 
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respect to the original excitation beam as explained in the 

previous sections. This fluorescence emission was detected by 

a photomultiplier tube PMT2 (Hamamatsu R928). Another 

photomultiplier PMT1 (Hamamatsu R928) was also used for the 

phase and modulation references. The determination of the 

values of phase shift and demodulation was accomplished by 

using a cross-correlation method as mentioned above. Now the 

gains of both PMT1 and PMT2 were modulated at a frequency of 

F+aF by connecting the PMT's to another frequency synthesizer 

(FS2) (Marconi 2022A). FS2 was phase-locked to FS1 and the 

output was amplified by a broadband 3 watt radio frequency 

power amplifier (ENI 403LA, 0.1-300 MHz). The phase lock 

between FS1 and FS2 was critical in order to achieve phase 

stability during the cross-correlation measurements. The phase 

and modulation values were measured at the cross-correlation 

frequency (~F) by a time-interval counter and a ratio digital 

voltmeter, separately. Since the light exiting from the 

pockels cell (electronic-optical device) is vertically 

polarized, a polarizer with its polarization axis set at 35° 

(or magic angle) with respect to the vertical was placed in 

the excitation beam in order to eliminate the contribution of 

the rotational diffusion effect of the sample to the 

measurements (Spencer and Weber, 1970; Chong and Thompson. 

1985; Cheng, 1989). 

The rotations of the sample turret and all polarizers 

were driven by stepper motors which were controlled by a 
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microcomputer (AT&T 6286) via a stepper motor controller. The 

selection of modulation frequencies and data acquisition were 

also controlled by the same microcomputer. 

2.2 Frequency-Domain Fluorescence Intensity 
Decay Measurements 

For the fluorescence decay measurements of fluorophores 

in the liquid crystalline sample, emission-intensity signals 

at 395 and 4 75 nm, which correspond to the fluorescence 

intensity peaks of the monomer and excimer emissions of the 

fluorescence sample, respectively, were measured through a 

monochromator (EM. MON.) (slit width= 2.0 mm). Both the phase 

delays (oF o5 ) and demodulation ratios (MF/M5 ) of the 

fluorescence signal from each sample as compared with that 

from a standard solution (1,4-bis[2-(5-phenyl-oxazolyl)] 

benzene (POPOP) in ethanol, lifetime= 1.34 ns) were measured 

at different modulation frequencies ranging from 100 KHz to 5 

MHz. The sample and reference were placed in a dual thermostat 

turret. The rotation of the turret was performed by a step 

motor which was controlled by a step motor controller and was 

further connected to a microcomputer. Here oF and 05 are the 

phase delay of the signal from the fluorescent sample and that 

from the reference sample, respectively, and MF and M5 the 

intensity modulation values of the fluorescent sample and that 

of the reference, respectively. 
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CHAPTER 3 

INTRAMOLECULAR DIFFUSION MODEL FOR 

LYOTROPIC LIQUID CRYSTALS 

3.1 General Mathematical Models for 
Analyzing the Decay Kinetics of Any 

Fluorescent Sample 

3.1.1 Time-Domain Fluorescence Decay Kinetic 

Upon excitation by an extremely short (delta) light 

pulse, the fluorescent, or excited, states of any sample 

consisting of an assemble of fluorophores can be characterized 

by a state vector X = (X11 X2 , •••• ,Xn). Here Xj is defined as 

the proportion of the excited fluorophores in the jth excited 

state and n is the total number of excited states (Sugar, 

1991). The time-dependent fluorescence emission f(t,l) of the 

fluorescent sample immediately after the delta excitation at 

time t and at a particular emission wavelength l can be 

expressed as 

n 

f(t,A) =E Sj(l)Xj(t) 
j=l 

( 15) 

where Sj(l) is defined as the species-associated spectrum of 

the jth excited species. This function f(t,l) is also denoted 

as the delta or impulse response function. Assume that the 

rates of the fluorescence decay processes of the fluorophores 
• 

can be described by a set of first-order linear differential 

equations (Ameloot et al., 1986) of the form 
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n 

dX./dt=~ T .. x. 
~ L...J ~] J 

(16) 
j =1 

where T = {Tij} is defined as the transfer matrix. Each 

transfer matrix element, Tij, depends on the kinetic p11rameters 

of the decay processes. In principle, X can be solved from 

Eq. ( 16) upon knowing the appropriate initial conditions of the 

fluorophores, i.e., X(O). Once X is known, the theoretical 

form of f(t,A) can therefore be determined from Eq.(15). 

In reality, the excitation source is usually far from an 

ideal delta function, and the time profile of the excitation 

source, or light excitation function, is denoted by 1 ( t) . 

Hence, the observed experimental decay function F(t,A) is then 

related to the delta response f(t,A) and l(t) by a 

deconvolution integral given by 

t 

F ( t I A) = f ( t I A) ® 1 ( t) = f f ( t- t I I A) 1 ( t 1) d t I. 
0 

3.1.2 Frequency-Domain Fluorescence 
Decay Kinetics 

(17) 

The excitation light is in the form of a sinusoidally 

modulated function given by l+ffixexp(i~t), where the ffix and~ 

are the modulation level and the angular modulation frequency 

of the excitation light, respectively. The fluorescence 

emission F(t,A) of the fluorescent derivatives due to the 

sinusoidally modulated excitation is related to the delta 
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response function f(t,A) and is given by 

t 

F( t, A)= J f( t-t 1, A) (l+mxexp (iwt 1)) dt 1 

-oo 

(18) 

where c(A) is a proportional factor and mE((I) 1 A) is the complex 

demodulation factor of the fluorescence emission. It has 

further been shown (Sugar, 1991) that mE((I) 1 A) is associated 

with the fourier transform of f(t,A), i.e., f((I) 1 A), and is 

given by 

mE(W,A} = :l(w,A}/r(O,A}. (19) 

The absolute value and phase angle of mE((I) 1 A) are equivalent 

to the experimentally measured parameters, demodulation level 

and phase delay, of the fluorescence signal, respectively. 

They are given by 

m ( w, A) = ( :l ( w, A) :l* ( w, A) ) 1 / 2 I l ( o, A) 

<I> ( w , A) =tan -1 [ ( - i) :l ( w ' A) - :l* ( w ' ')..) ] . 
:l ( w , A ) + .l* ( w , A. ) 

(20) 

( 21) 

According to Eq.(15), f((I) 1 A) is also related with Xj((l)), the 

fourier transform of Xj(t), by the following equation 

n 
:l ( w ' A } = E s j ( }.. ) gj ( w ) 

j=1 
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xj ( w) = J xj ( t) exp ( -iw t) dt. (23) 

0 

3.2 Kinetic Decay Models 

Based on a given kinetic model (e.g., 2-state or 3-state 

model in our case), the explicit form of the transfer matrix 

T can be constructed. Subsequently, the state vector X, as 

well as its fourier transform X(w), can be expressed in terms 

of the kinetic parameters of the fluorophores in the 

fluorescent sample. By measuring either the experimental decay 

function f(t,A) in the time domain or the demodulation factor 

mE(w,A) in the frequency domain, the kinetic parameters of the 

fluorescent derivatives can then be calculated. In the 

following section, we summarized the existing kinetic models, 

2-state and 3-state, that can be used to calculate the state 

vector X and its fourier transform X(w) of fluorophores in the 

fluorescent sample. 

This study focuses on a class of fluorophores which can 

form excimers upon excitation. Pyrene is a co~nonly studied 

planar fluorophore. This fluorophore has been studied in 

various isotropic solutions, liquid crystals and micelles. 

Recently, pyrene derivatives, i.e., molecules with pyrenes 

attached to a certain part of a parent molecule, have also 

been employed. 
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3.2.1 2-State Kinetic Model 

According to the 2-state kinetic model as proposed by 

Birks (Birks et al., 1963), there are two excited species of 

pyrene derivatives, excited monomer M* and excimer D*. As shown 

in the schematic diagram (Fig.3.1), M* collides with a ground 

state monomer M and gives rise to D* which has a lower 

electronic energy as compared with M*. The diffusion-

controlled association and dissociation rate constants for the 

excimer are given by Kdm and Kmdt respectively. The decay 

behavior of M* and o· back to their ground states can be 

described by several transition rate parameters. Here Kfm and 

K~ represent the radiative and non-radiative decay rate 

constants of M*, respectively, while Kfd and K~ the radiative 

and non-radiative decay constants of o·, respectively. 

Within the context of this model, the state vector X is 

represented by (M*,D*), and i=1 and 2 correspond to the excited 

monomer and excimer states, respectively. The transfer matrix 

has the form of 

(24) 

where C is the concentration of the pyrene derivatives in the 

lipid membrane system. Also the two species-associated spectra 

(see Eq.(15)) Sj(l) for j=1 and 2 and at the monomer emission 

wavelength lM and excimer emission wavelength A0 are given by 
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Schematic representation of the models: (A) 2-state model 
and (B) 3-state model. 
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(25) 

The state vector elements X1 and X2 in the time space as 

well as their Fourier transform in the frequency space have 

been determined (Sugar, 1991; Chong and Thompson, 1985). The 

latter are given by 

(26) 

[
-Ktm-Kim-CKdm-iw Kmd . l 

CKdm - Ktd-Kid- Kmd- ~ w 

[
-Ktm-Kim-CKdm-iw -M( 0) l 

_ CKdm 0 (27) 

[
-Ktm-Kim-CKdm-iw Kmd . l 

CKdm -Ktd-Kid-Kmd-~w 

From Eqs. (22), (25), (26) and (27), f(w,A) at AM and A0 can be 

written as 

f ( W 1 AM) = KfmXd W) 

f ( w, A0 ) = KfdX2 ( w ) • (28) 

Based on Eqs.(19) and (28), mE(w,A) at AM and A0 can be 

expressed as 

mE ( w, AM) = Xd w) I Xd 0 ) 

mE ( (J), Ao) = x2 ( (J)) I x2 ( 0 ) • 

30 
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The excimer to monomer intensity ratio E/M is given by 

(30) 

By using Eqs. (26), (27) and (28) the value of E/M can be 

expressed in terms of the kinetic parameters and concentration 

of the probes, i.e., 

(31) 

3.2.2 3-State Kinetic Model 

The 3-state kinetic model suggests the existence of three 

excited species of pyrene derivatives, M* (i=l), aggregated 

state A* (i=2) and n· (i=3). The new A* state consists of M* 

and M in close apposition. It is assumed that a single 

rotation of either M* or M triggers the formation of n·. A 

schematic diagram of this 3-state model is given in Fig.3.1. 

Here four rate constants are required in order to describe the 

formation of D* from M*. These constants are the association 

and dissociation rate constants for the A* state, i.e., KAA and 

KAA, respectively, and the association and dissociation rate 

constants for the o· state, i.e., KM and K~, respectively. 

The transfer matrix of this 3-state model is given by 
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T= 

KMA 

-Ktm-Kim-KMA-KDA 

KDA 

(32) 

Also the three species-associated spectra Sj(A) for j=1, 2 and 

3 at AM and A0 are given by 

SdAH) = S2(AM) = Kfm; 

S d A0 ) = S 2 ( A0 ) = 0 ; 

S 3 (AM) = 0 

S3 ( Ao) = Ktd • ( 33) 

The four kinetic parameters, KM, KAA, K0 A and K~, which 

described the excited state kinetic of the fluorophores, can 

also be related with the molecular dynamic parameters of the 

fluorophores in the liquid crystals. Now using a simple two

dimensional lattice, or ising, model with periodic boundary as 

suggested by Sugar et al. ( 19 91) , the dynamic of excimer 

formation for pyrene derivatives in a liquid crystalline 

system can be visualized as a diffusion-controlled process of 

fluorophores in a two-dimensional trigonal lattice system 

(Fig. 3.2). Each lattice point corresponds to one available 

spatial location for the pyrene moiety to reside 1n the 

crystal. A brief description of the lattice model is given 

below. 

Considering a pair of nearest-neighbor lattice points 

(A, B), there are 6 nearest neighbors for lattice point B. 

Among these 6 lattice points, 3 points are not in the nearest 
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Figure 3.2 

Schematic representation of the intramolecular two
dimensional trigonal lattice system. ( ~) the given pair of 
lattice points (A,B); ( (XJ ) the uearest neighbor of points A 
or B; ( 0) the probe occupied lattices; ( 0) the empty 
lattices. 
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neighbor of A. The rate of transition from one lattice point 

to the other is given by a lateral diffusion associated rate 

constant f. The concentration of the pyrene in the lattice 

system is again given by C. Let us define the following 

notations: Poo is the probability of finding no probes in a 

given pair of lattice points (A,B), p 01 is the probability of 

finding one probe in (A,B), and p 11 is the probability of 

finding two probes . 
~n (A,B). The above pair probability 

parameters, Pij' are related by the following equations: 

(34) 

(35) 

( 3 6) 

From the above equations, it ~s clear that p 11 and p 00 can be 

determined once p 01 is known. 

From the quasi-chemical approximation (Hill, 1986), p 01 

has the following form 

_ 1- [ 1- ( 1-4 C ( 1-C) exp ( - ( w I kT) ) ) ] 112 

Po1- 1-exp (- (w/ kT)) 
( 3 7) 

where k is the Boltzmann constant, T ~s the absolute 

temperature and w is a cooperative energy parameter, which 

describes the nearest-neighbor interaction free energy between 

pairs. Finally the kinetic parameters can be expressed in 

terms of C, w, f, Kc1m and Kmd as shown below 
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KAM=6 fexp [- ( 1 +N) w/2KT] +6 f( 1+N) exp [ (2 -3P) w/2KT] [1- (1-N) 3 ]( 38) 

where 

KMA=6fPexp [ (1+2N) w/2KT] (1-N) s 1-P
3 

1-P6 

+6 f ( 1 + 2 P) exp [ - ( 2 -3 P) w I 2 .KT]" ( 1-P) p 5 1 - ( 1 - P) 
3 

( 3 g ) 
1-P6 

K =K 1 -P (40) 
DA dm 1-P6 

N= PC. 
1-C 

(42) 

(43) 

If one further assumes that the interaction between two 

pyrenes is negligible, or w = 0, then the above equations can 

be simplified as follows. 

KAM = 12fC(l+C) (C2 -3C+3) 

KMA = 12fc ( 1-c) 6 (C2 -C 3-C+3) 1 [ 1- ( 1-c) 6 1. 

(44) 

(45) 

(46) 

(47) 

Also the initial values of the state vector X at t=O are given 

by 
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( M* ( 0 ) , A* ( 0 ) , D* ( 0 ) ) = ( RC ( 1-C ) 6 , RC [ 1- ( 1-C ) 6 ] , 0 ) (48) 

where R is defined as the excited fraction of the probe 

molecules. Note that the 3-state model also predicts that the 

ground state A can be directly excited to form the excited A 

state, i.e., A". In addition, the rate constants governing the 

association and dissociation kinetic for the A state are 

assumed to be equivalent to those for the A* (Sugar et al., 

1991). 

The state vector elements X1 , X2 and X3 in the frequency 

space have been obtained and are shown below. 

KMA 0 

KAM -Ktm-Kim-KMA-KDA-iw KAD 

0 KDA -Kfd-Kid-KAD-iw 

0 

-Kfm-Kim-KAM-iw 

KAM 

0 

0 

-A* ( 0) 
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-K AM 

0 

KMA 

-Kfm-Kim-KMA-KDA-iw -A"' (0) 

KDA 0 
~~------------------~----------~---.(51} 

-Kfm-Kim-KAM-iw KMA 0 

KAM -Kfm-Kim-KMA-KDA-iw KAD 

0 

From Eqs.(22) 1 (31) and (49-51) 1 f(w 1 A) at AM and A0 can be 

written as 

f ( w I AM) = Kfm [ Xd w) + x2 ( w) ] 

f ( w 1 Ao) = KfdX 3 ( w ) • (52) 

Based on Eqs. (19) and (52) 1 mE(w 1 A) at AM and A0 can be 

expressed as 

mE(wiAM) = [Xdw)+X2 (w) ]/[Xd0)+X2 (0)] 

mE ( w I Ao) = x3 ( w) I x3 ( 0) • (53) 

From Eq.(30) 1 the excimer to monomer ratio E/M can be 

expressed as 

(54) 

In this study 1 the pyrene derivative is a dual-chain 

labeled fluorophore and the kinetics of the excimer formation 
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among the pyrenes is an intramolecular event (see Chapter 4). 

The concentration factor C appeared in both the 2- and 3-state 

models is therefore defined as the effective concentration of 

pyrene in the available lattice space or "free volume" 

occupied by the terminal methyl ends of a lipid in the liquid 

crystalline system (Liu et al., 1993). Here the number of the 

pyrene moieties in a fluorophore molecule is fixed to two. In 

this respect, c . 
lS inversely proportional to the 

intramolecular free volume of the fluorophore at the ends of 

its hydrocarbon chains. 

3.3 Intramolecular Dynamic Parameter 
Calculations 

The intrinsic decay rates (Kim+Kfm) of M* can be determined 

independently from the measured fluorescence lifetimes of the 

mono-labeled pyrene fluorophore in the liquid crystal at a 

very low concentration (probe/lipid monomer ratio= 0.05%) and 

at different temperatures. At such a low concentration of 

probe, the intermolecular excimer formation of pyrene moieties 

in the liquid crystal can be ignored (Vauhkonen et al., 1990). 

Therefore, the inverses of the values of these lifetimes are 

For the case of the fitting using the 2-state model, the 

unknown parameters in the complex demodulation factor mE(w,A) 

are CKdm, Kmd and (Kfd+Kid) (see Eqs.(26-29)). While for the 3-

state model, the unknowns are f, C, Kc1m, Kmd, Kfd/Kfm and 

( Kfd+Kid) (see Eqs. ( 49-53)) . The term Kfd/Kfm lS the ratio of the 
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radiative decays of the excimer and monomer. The term (KM+KM) 

is the intrinsic decay rate of the excimer and was found to be 

quite insensitive to the physical state of the lipids in both 

the 2-state and 3-state fits. This parameter was usually fixed 

in the 3-state fit so as to reduce the number of fitting 

parameters. 

A nonlinear least-squares fitting procedure utilizing the 

Marquardt algorithm for 
. . . . 

m1n1m1z1ng the value of was 

employed to determine the unknown pl)ysical parameters as 

described in the 2-state and 3-state models from the 

frequency-domain data at different wavelengths. For this 

frequency-domain data analysis, x2 is defined as the sum of 

the squares of deviations between the observed and expected 

phase and modulation values of the fluorescence measurements 

over all the modulation frequencies. 

2 _"' _1_ (-"' --"' ) 2+"" _1_ (M -M ) 2 X - LJ 2 'I' w 'V cw LJ 2 w cw 
w O~w w OMw 

(55) 

where Q>(o) and <l>c(o) refer to the measured and expected phase 

values at the indicated frequency, respectively; M(o) and Mc(o) the 

measured and expected modulation values at the indicated 

frequency, respectively; o~ and o~ the experimental errors of 

the measured phase and modulation values, respectively. 

Usually this X2 is further divided by the total degrees of 

freedom of the fitting parameters, i.e., number of 

experimental data (N) minus the number of the fitting 
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parameters (p), in order to obtained the reduced chi-square, 

(56) 
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CHAPTER 4 

EXPERIMENTAL RESULTS 

4.1 Introduction 

Among various thermotropic phase transitions of lyotropic 

liquid crystals, the L -to-L p II and the phase 

transitions have been a subject of intense interest for many 

years. The Lp-L11 transition involves no change in the packing 

symmetry, while the L11 -Hn transition involves an abrupt change 

in the packing symmetry from a !-dimensional lamellar to a 2-

dimensional hexagonal form. Both the molecular dynamics and 

the local structural order of the monomers in the crystals are 

excepted to change drastically at those transitions. 

Several structural techniques, e.g., electron microscopy 

and X-ray diffraction, have been used to investigate the 

geometrical dimensions and morphologies of the Lp, L11 and H11 

phases. A detailed understanding of the polymorphic phase 

behavior of lyotropic liquid crystals requires the knowledge 

of both the structure and the molecular dynamics of the 

constituent molecules. Although a significant amount of 

information in the structure and intermolecular dynamics of 

the Lp, L
11 

and Hn phases has been accumulated over the last 

two decades, the intramolecular dynamics of the monomer in the 

liquid crystals at either the Lp, L11 or Hn phase has not been 

fully explored. Each molecular spectroscopic technique has its 

own merits and possible drawbacks. Vibrational (Chen and 
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Cheng, 1990; Cheng, 1992) and 2H nuclear magnetic resonance 

(NMR) (Fenske et al., 1990) are both non-invasive techniques 

which provide structural order information pertaining to the 

amount of gauche rotamers and the order parameter of the acyl 

chains, respectively. Time-resolved fluorescence (Cheng, 1989; 

Wang et al., 1991) on the other hand provides both structural 

and dynamical information of the monomers. Yet physical models 

are required in order to extract useful molecular dynamic 

parameters, such as geometric and dynamic parameters, from the 

measured fluorescence data. Besides the model dependence, the 

possible 11 labeling effect 11 of the extrinsic probes embedded in 

the host liquid crystals has to be considered carefully. 

In the previous chapter a classical 2-state and a newer 

3-state models were presented. According to the theory, only 

the 3-state model can allow one to separate the intra-lipid 

diffusion and rotation modes of the acyl chains in the liquid 

crystals. To demonstrate the application of this new 3-state 

model in liquid crystals, we have chosen two pure lipid/water 

systems, which exhibit known thermotropic L11 -L11 and L11 -Hn phase 

transitions, separately, and measured the monomer and excimer 

fluorescence decays of double-pyrene labeled probes in those 

two lyotropic liquid crystal systems. Both the 2-state and 3-

state models were used to fit the frequency domain data. 
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4.2 Structures And Phases Of Lyotropic 
Liquid Crystals 

The lipid/water systems were suspensions of dimyristoyl-

phosphatidyl-choline (DMPC) or dioleoylphosphatidyl-

ethanolamine (DOPE) lipids in excess water. The structures of 

DMPC and DOPE are shown in Fig. 4.1. Both DMPC and DOPE are 

synthetic phospholipids. DMPC consists of two saturated 

myristic (14 carbon long) fatty acid chains attached to the 

sn-1 and sn-2 positions of a glycerol backbone. A phosphati-

sn-3 of the glycerol. DOPE consists of two unsaturated oleic 

(18 carbon long) fatty acid chains with two cis-double bonds 

at the 9-10th positions of each chain. Again these two 

unsaturated chains are attached to the sn-1 and sn-2 positions 

of the glycerol backbone. The head group is a smaller 

DMPC and DOPE, which were dissolved in chloroform, were 

purchased from Avanti Polar Lipids (Birmingham, AL) and used 

without further purifications. No detectable fluorescence 

signal was found in all these pure DMPC and DOPE suspensions. 

Based on previous small angle X-ray diffraction measurements, 

DMPC/water and DOPE/water have the known Lp-Lu and L11 -Hn 

transition at -22 (de Gennis, 1989) and -10°C (Gruner, 1989), 

respectively. 
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4.3 Structure And Spectral Assignment 
of Pyrene 

Pyrene is an aromatic hydrocarbon compound consisting of 

four fused rings as shown in Fig. 4.2. This compound is water 

insoluble and has a high quantum yield (-0.34) in non-polar 

solvents. Its electronic and vibronic spectra and their 

assignments have been known for some time (Kalyanasundaram and 

Thomas, 1977; Taun et al., 1976). After absorption of a photon 

a pyrene molecule in the ground singlet state (S0 ) is promoted 

to a higher energy excited singlet state (e.g., S1 or S 2 ). 

Since an excited molecule is not in thermal equilibrium with 

its surroundings, it will have only a short lifetime and a 

number of processes which contribute to the deactivation of 

the excited pyrene to the lower excited singlet states will 

occur (Fig 4.3). The deactivation processes may include 

intersystem 

crossing (e.g., S 1~T 1 ), and vibrational relaxation (e.g., 

higher vibronic states to the lowest vibronic state in S1 ). 

All the above processes do not involve emission of photons • 

While the time-scale for intersystem 
. crosslng is 

. 
ln the 

millisecond region, the others are all in the picosecond or 

shorter time scale. Once the excited molecule is in the lowest 

vibronic state of the excited singlet state, a photon may be 

emitted and the molecule then subsequently goes to one of the 

vibronic bands in the ground state. This emission process is 

denoted as fluorescence emission. The band structures in the 

fluorescence emission are associated with the vibronic energy 
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Figure 4.2 

Chemical structure of pyrene and chemical structures of 
various pyrene derivatives: (A) Dipy 14PE, (B) Py 14PE, (C) 
Dipy 10PC, (D) Py 10PC, (E) Dipy4PC, (F) Py4PC, and (G) Dipyme 
(Georgescauld et al., 1980). 
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(A)Energy level diagram showing deactivation pathways for 
a typical atom or molecule. ASS: absorption; VR

1
:vibrational 

relaxation; IC: internal conversion; F: fluorescence; ISC: 
intersystem crossing; P: phosphorescence; S

0
,: ground 

singlet state; S1 : first excited singlet state; T1 : first 
triplet state; S2 : second excited single state. 
(B)Energy level diagrams for a monomer/excimer system based 
on the 2-state model and 3-state model. Solid lines: 
radiative processes; wavy lines: radiationless processes; 
Kfm: radiative decay rate constant of M*; Kim: non-radiative 
decay rate constant of M*; Ktd: radiative decay rate 
constant of o*; Kid: non-radiative decay rate constant of 
o*; Kdm: association rate constant of o*; Kmd: dissociation 
rate constant of o*; KAM: association rate constant of A*, 
KHA: dissociation rate constant of A*; K0 1\: association rate 
constant of o*; KA0 : dissociation rate constant of o*. 
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levels of the ground state molecule. The vibronic states for 

pyrene are shown in Table 4.1 (Kalyanasundaram and Thomas, 

1977) · The electronic states of pyrene are shown in Table 4.2 

(Taun et al., 1976). 

The ground state (A19 ) of the pyrene molecule (Fig. 4.2) 

belongs to a symmetry point group of D2h. The energy levels of 

the first ( Sd and second ( S 2 ) electronic excited singlet 

states are very close to one another and have been assigned 

1B3u and 1B2u, respectively. Here the electrons in 1B3u and 1B2 u 

are polarized along the short (X) and long (Y) axes of the 

molecule, separately (Table 4. 2) • Experimentally, the 

polarization of the fluorescence emission of pyrene has been 

found to be mixed. Therefore it is believed that the 

fluorescence emission of the excited pyrene may come from 

either 1B3u, 1B2u or a mixed state of the two (Geldof et al., 

1971). The fluorescence spectra of pyrene and a pyrene 

derivative (Dipyme) in solution (Fig 4.4) show vibronic bands 

corresponding to the allowed, b 19 , and forbidden, a 9 vibronic 

states. It has been shown that the intensity enhancement of 

the forbidden vibronic bands, e.g., peak I (0-0 and a 9 (w)) at 

-376 nm, is sensitive to with the dielectric constant of the 

solvent surrounding of the pyrene molecule. It has been 

suggested (Kalyanasundaram and Thomas, 1977) that this 

intensity enhancement of the forbidden bands is derived from 

the nearby second electronic state 1B2u through coupling with 

b vibrations. In general, the intensity of the forbidden band 
lg 
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Table 4 .1 Assignments of principal vibronic bands in pyrene 
monomer fluorescence and their comparisons with the IR/Raman 
active vibronic bands (Kalyanasundaram and Thomas, 1977). 

Distance Assignment Vibrational 
from 0-0 (I R/ Raman mooe and 

Peak A. nm v, crn- 1 line active) symmetry type 

I J72.51 26 845 0 0-0 
378.23 26 439 406 0-406 (R) a8 (w} .. 

II 378.95 26 389 456 0-456 (I R) b, 8 (r) 
379.58 26 )45 500 0-500 (I R) b, 8 (r) 

Ill 383.03 26 108 737 0-737 (IR) btg (~e) 
)84.00 26 042 803 0-803 3g (~e) 
387.99 25 774 1071 0-1071 (R) a8 (o) 

IV 388.55 25 737 II 08 0-1108 (R) btg 
389.03 25 702 I 14 J 0-114J(R) ag (o) 
390.42 25 61 J 12)2 0-1232 (R) a8 (o) 
391.80 25 52] 1322 0-1322 (R) (a8 + b, 8) (K) 
)92.49 25 478 1367 0-1367(R) btg 
)92.85 25 455 1390 0-1390 (R) ag(w) 

v 393.09 25 4)9 1406 0-1406 (R) ag (w) 
395.J4 25 295 1551 0-1551 (R) ag 
396.04 25 250 1595 0-1595 (R) btg (w) 
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Table 4.2. Polarization and symmetry of pyrene electronic 
states (Tuan et al., 1976) 

State Symmetry Polarization 

X 

y 
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Figure 4.4 

Fluorescence spectra of pyrene ( 2 ~tM) in methanol 
(Kalyanasundaram and Thomas, 1977) (A) and pyrene 
derivatives, Dipyme ( 10 ~tM), in benzene (Georgescauld et 
al., 1980) (D) and DiPY14PE (0.1%; Probe/lipid ratio) ~n 
DOPE/water liquid crystals (C). 
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1ncreases with the dielectric constant of the solvent 

(Nakajima, 1976). On the other hand, the intensity of the 

allowed bands, e.g., peak III at -383 nm (b
19

(K)), is not 

sensitive to the dielectric constant of the solvent. Thus the 

intensity ratio of peak III/peak I serves as an indicator of 

the polarity of the solvent (Kalyanasundaram and Thomas, 

1977). 

For the case of pyrene or pyrene derivatives embedded in 

a lyotropic liquid crystal system, the pyrene prefers to 

reside in the hydrophobic region of the liquid crystals. 

Depending on the location of the pyrene, solvent molecules may 

interact with the pyrene during the fluorescence lifetime of 

the excited pyrene. Here measurements of the pyrene monomer 

vibronic band peak ratio, say III/I, should allow one to 

quantitative the extent of solvent penetration into the site 

of pyrene within the crystals. 

At a sufficiently high concentration of the pyrene 

molecules in solution or in liquid crystals, an excited state 

pyrene monomer may collide with another ground state monomer 

during the fluorescence lifetime of pyrene. If the two pyrene 

are in perfect alignment with one another, the two pyrene will 

form an excimer which has a lower electronic energy as 

compared with the excited monomer. The energy level diagrams 

for the excimer/monomer system according to the 2- and 3-state 

models (see Chapter 3) are shown in Fig. 4.3. Note that the 

energy level for the intermediate aggregated state A* is 
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assumed to be identical to that for the excited monomer state 

M*. The fluorescence emission of excimer is red-shifted as 

compared with the monomer fluorescence. Unlike the well

resolved vibronic bands in the monomer fluorescence (376-400 

nm), the excimer fluorescence, which peaked at -475 nm, is 

rather broad and featureless. A term, E/M ratio, is defined as 

the ratio of excimer fluorescence intensity to the monomer 

fluorescence intensity. As a steady-state intensity parameter, 

E/M ratio represents a combination of the photokinetics (e.g., 

Kfm or Kfd) and molecular dynamic (e.g. , Kdm or f) parameters. 

Eqs.(31) and (54) describe the relationships between E/M ratio 

and the photokinetics and molecular dynamic parameters 

according to the 2- and 3-state models, respectively. In order 

to evaluate the individual rate constants, it is necessary to 

make frequency-domain fluorescence intensity decay 

measurements. 

4.4 Structures Of Pyrene Derivatives 

Different pyrene derivatives, 1-palmitoyl, 2-(1'-

pyrenyl(n)acyl)-PE or -PC ( PynPE or PynPC) and Di(1'-

pyrenyl(n)acyl)-PE or -PC (DipynPE or DipynPC) with different 

chain lengths and labeling positions, were used in this study. 

Their structures are shown in Fig. 4.2. Here PynPE (PynPC) 

consists of a planar pyrene molecule attached to one terminal 

methyl end of an acyl chain (sn-2) of a PE (PC) lipid, and 

DipynPE (DipynPC) has two pyrene molecules separately attached 
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to both terminal methyl ends of the acyl chains (sn-1 and sn-

2) of a PE (PC) lipid. The spectra features of pyrene 

derivatives are almost identical to those of pyrene (Patel et 

al., 1979; Cheng et al., 1991). The chemical synthesis 

procedures for obtaining the above pyrene derivatives were 

described elsewhere (Vauhkonen et al., 1990; Patel et al., 

1979) • The compounds were kindly provided by our collaborator, 

Dr. P. J. Somerharju, at University of Helsinki. 

4.5 Sample Preparation 

Binary PynPE/DOPE (or PynPC/DMPC) and DipynPE/DOPE (or 

DipynPC/DMPC) mixtures were formed in chloroform at the molar 

ratios of 0.05 and 0.1%, respectively. These lipid mixtures 

were first dried under dry nitrogen gas and then kept under 

vacuum for more than 5 h to ensure complete removal of 

chloroform. The dry lipid films were subsequently hydrated in 

an aqueous buffer (100 mM NaCl/10 mM TES/2 mM EDTA; pH 7.4) at 

0°C under mild sonication for a few seconds. Thereafter, the 

lipid suspensions were incubated at 0°C for about 20 h in the 

dark to ensure proper hydration of the lipids. Upon further 

diluting the lipid suspensions to 50 ~g/ml, each sample was 

then put into a 10 mm quartz cuvette. During the fluorescence 

measurement, the sample temperature was regulated by an 

external water-jet circulator and determined by inserting a 

microtip thermistor probe (YSI-427) into the cuvette at -5 ~n 

above the light path. 
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4.6 Experimented Results 

4.6.1 Steady State Fluorescence Spectral 
Measurements 

From the steady state fluorescence spectra, the values of 

monomer peak ratio III/I or intensity ratio (I(383)/I(376)) at 

383 (bl 9 (K)) to 376 (a
9
(w)) nm and E/M ratio or intensity ratio 

(I(475)/I(392)) at 475 to 392 nm were obtained from the 

samples. The excitation wavelength was set at 325 nm and the 

emission was measured from 350 to 500 nm with 1 nm resolution. 

Here III/I refers to the fluorescence intensity peak ratio 

from the major vibronic bands as described in the previous 

section. The E/M refers to the fluorescence intensity peak 

ratio from the excimer emission at 475 nm and the monomer 

emission at 390 nm. The peak ratio III/I provides information 

about the interaction between the pyrene and its environment, 

while E/M gives a steady state description of the fluorescence 

intensity from the monomer and that from the excimer. 

From Fig. 4.5, we observed an abrupt drop in the peak 

ratio for DipynPC/DMPC (n = 4 and 10) mixtures at -20°C (the 

known Lp-La transition of DMPC), particularly for the 

Dipy4PC/DMPC mixture. This observation leads us to conclude 

that the solvent-probe interaction in the La phase is stronger 

than that in the Lp phase. This is because the packing of the 

lipids in the La is looser than that in the Lp and water can 

therefore penetrate deeper in the lipid layer in the La phase 

than in the Lp phase. The effect appears to be much stronger 

for the Dipy 
4
PC/DMPC than in Dipy10PC/DMPC. This is probably 
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Figure 4.5 

Peak ratio I(383)/I(376) or III/I, intensity ratio at 382 to 
376 nm, of Dipy 10PC/DMPC (6) and Dipy4PC/DMPC 
(D) as a function of temperature. 
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Figure 4.6 

Peak ratio I(383)/I(376) or III/I, intensity ratio at 383 to 
376 nm, of Dipy 14PE/DOPE as a function of temperature. 
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because the pyrene in Dipy 4 PC is closer to the lipid/water 

interface than that in Dipy 10PC, and therefore the Dipy4PC 

senses more solvent interaction than does the Dipy10PC. This 

observation further indicates that the heterogeneous 

environment or dielectric gradient of the lipid layer changes 

drastically at the Lp-La phase transition. 

From Fig. 4.6, we observed that the peak ratio (III/I) 

for Dipy14PE/DOPE mixture remained uniform from 1-l0°C and then 

increased abruptly at 10-l2°C (the known La-H11 transition of 

DOPE), and then increased progressively as the temperature 

increased further from 10-20°C. Thereafter, the peak ratio 

appeared to remain unchanged. This observation suggested that 

the solvent-probe interaction in the H11 phase is weaker than 

that in the La phase. This also means that the packing of the 

lipids in the H11 phase is tighter than that in the La phase 

and therefore more solvent is excluded in HII phase than in the 

L8 phase. 

The E/M ratio of all the samples were found to increase 

with temperature. From Fig. 4.7, we observed that the E/M 

ratio of Dipy4PC and Dipy10PC increased slightly with 

temperature in the Lp phase from 0 to 22 °C. At the Lp-Lcr 

transition temperature of DMPC, i.e., -22°C, the E/M ratio 

increased abruptly. In the La phase, the E/M ratio increased 

more rapidly with temperature than that in the Lp phase. The 

E/M ratio of Dipy4PC was always higher than that of Dipy 10PC at 

all temperatures. From Fig. 4.8, we observed that the E/M of 
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E/M (!(475)/!(392)) ratio or intensity ratio at 475 to 392 
mn of Dipy
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PC/DMPC ( 6) and Dipy 4PC/DMPC ( 0) as a function 

of temperature. 
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Dipy14PE increased slightly with temperature in the L. phase. 

The E/M ratio of Dipy14PE started to increase at temperatures 

g reater than -10-l2°C (L H t 't' t t ) A • - II rans~ ~on empera ure • s 

described in Eq.(31) and (54) from Chapter 3, the E/M ratio is 

a combination of the photokinetics and molecular dynamic 

parameters· Therefore no information of the molecular dynamics 

of the lipids can be obtain from the E/M ratio measurements 

alone. 

4.6.2 Frequency-Domain Measurements and 
Fitting of Data 

The values of the phase delay and demodulation level of 

the fluorescence emissions of DipynPE in DOPE or DipynPC in 

DMPC at 395 (monomer) and 475 (excimer) nm were measured as a 

function of modulation frequency at different temperatures 

from 0 to 40°C • In order to calculate the intrinsic rate of 

monomer decay of pyrene in the lipid membrane, i.e. 1 Kim+Kfml 

the fluorescence lifetimes of PynPE in the DOPE (or PynPC in 

DMPC) suspension and at identical temperatures were also 

determined using the frequency-domain technique (see Chapter 

2). The values of K~+K~ were found to increase steadily with 

temperature. 

Both the 2- and 3-state excimer formation kinetic models 

were employed to analyze the frequency-domain data. For the 

case of 2-state model 1 the values of CKdm 1 Kmd and ( Kfd+Kid) of 

DipynPE and DipynPC were determined, while for the case of 3-

d 1 K K f K /K and C were determined. Table State m0 e 1 dmf mdl I fd fm 
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Table 4.3 Comparison of the results from the 2-state and 
3-state fits for Dipy14PE in fully hydrated DOPE 
suspension at 1, 10 and 25°C. The confindence limits are 
also shown. 

Fitting 

Parameters 

3-state model 

c 

Kdm ( 1 0 1 S - 1 
) 

K,d( 10 7 s- 1
) 

2-state model 

CKdm.( 10 7 s- 1 ) 

Kmd( 1U 7s- 1
) 

10 °C 25 °C 

0.72 (0.44,0.99) 0.29 (0.19,0.40) 0.69 (0.52,0.86) 

73.5 (57.3,89.7) 110.6 (72.3,164.0) 31.9 (18.0,44.9) 

7.20 (4.54,9.06) 2.40 (1.87,2.93) 2.67 (1.04,3.50) 

5.90 (3.12,0.68) 3.51 (2.54,6.00) 0.30 (4.51,12.1) 

0.12 (0.09,0.15) 0.07 (0.05,Q.09) 0.26 (0.19,0.33) 

4.45 6.05 2.91 

56.8 (56.5,57.1) 

3.89 (3.57,4.21) 

2.09 (1.64,2.54) 

64.96 

0.66 (0.64,0.60) 

84.5 (84.2,84.0) 31.5 (31.2,31.8) 

2.67 (2.35,2.99) 2.73 (2.49,2.97) 

2.20 (1.81,2.75) 2.68 (2.34,3.02) 

50.77 13.46 

0.70 (0.76,0.00) 0.91 (0.08,0.94) 

'Intrinsic decay rates of pyrene monomer obtained from the fluorescence 

lifetimes of Py14 PE in the DOPE suspension. 
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4.3 shows the typical fitted parameters of Dipy14PE from both 

kinetic models at 1, 10 and 25°C. The values of Kim+Kfm of 

Py14PE are also shown. The values of K~ were found to be more 

than ten times higher than that of Kmd' while the values of f 

had the same order of magnitude as that of K~. In general, the 

uncertainties of the fitted parameters from the 3-state model 

were usually higher than those from the 2-state model. Yet 

significant improvements in the values of chisquares from the 

3-state fit over that from the 2-state fit were clearly 

observed at all temperatures. Fig. 4. 9 shows the typical 

frequency-domain data and the fitted curves from both models 

for Dipy14PE/DOPE mixture at both the monomer (panel A) and 

excimer (panel B) emissions at 25°C. It is clear that the 3-

state model provides a better fit to the frequency-domain data 

than does the 2-state model. 

The fitted parameters, CK~, Kmd and (Kfd+Kid), obtained 

from the 2-state model for DipynPE in DOPE or DipynPC in DMPC 

as a function of temperature have been determined. For the 

case of 2-state model, the concentration factor C and K~ 

cannot be separated. From Fig. 4.10, the value of CK~ of DOPE 

was found to increase progressively with temperature from 0 to 

12°C. Thereafter, it dropped abruptly at -12°C (L.-H11 

transition temperature) and remained essentially constant as 

the temperature increased further to 30°C. No similar abrupt 

changes at -l2°C were found for the other two parameters, Kmd 

and (Kfd+Kid) (results not shown). The value of CKdm of DMPC was 
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Molecular dynamics parameter CKdm of Dipy 14PE/DOPE as a 
function of temperature. The parameter was calculated from 
the 2-state model. 
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Molecular dynamics parameter CKdm of Dipy 10PC/DMPC ( 6.) and 
Dipy 4PC/DMPC ( 0) as a function of temperature. The 
parameter was calculated from the 2-state model. 
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found to increase smoothly with temperature from 0 to -22°C 

(Fig. 4.11). Then, it increased abruptly at 22°C (Lp-Lm 

transition temperature) and remained essentially exchanged at 

higher temperatures. No changes were found for K~ and 

(Kfd+Kid)· 

The fitted parameters, C, Kdm, Kmdt Kfd/Kfm and f, obtained 

from the 3-state model for Dipy0 PE in DOPE or Dipy
0
PC in DMPC 

as a function of temperature have also been determined. Here 

the C factor and Kdm are separately calculated as depicted by 

the 3-state model (see Fig. 3.1). As shown in Fig. 4.12, the 

value of C of DOPE decreased by about 50% as the temperature 

was increased from 0 to 12°C (Lm phase). It then increased 

abruptly at -12°C ( Lm-HII transition)and remained high as the 

temperature was increased to 30°C (Hu phase). Similar to the 

behavior of CKdm from the 2-state model, an abrupt transition, 

or decrease, in Kdm was observed at -12°C as shown in Fig. 

4.12. No changes were found for Kmd' Kfd/Kfm and f at -12°C 

(results not shown). As shown in Fig. 4.13, the values of C of 

Dipy0 PC in DMPC remained constant with increasing temperature 

from 0 to -15°C (Lp phase). It dropped abruptly at -15-20°C 

transition) and decreased continuously as the 

temperature increased further. Note that the value of C of 

Dipy 4PC is higher than that of Dipy 10PC. Similar to the 

behavior of CKdm from the 2-state model, an abrupt increase in 

Kdm at -20°C (Lp-Lm transition) was observed . Note that the 

value of Kdm of Dipy4PC is smaller than that of Dipy10PC • 
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Molecular dynamics parameters, Kdm (A) and C (B) of 
Dipy14PE/DOPE, as a function of temperature. The parameters 
were calculated from the 3-state model. 
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4.6.3 Interpretation Of The Molecular 
Dynamic Parameters 

How do the above observations provide new insights into 

understanding the intramolecular interactions of the lipid 

acyl chains in L~, L11 and Hu phases? As described in the 

previous Chapter, the dynamic parameter K~ is associated with 

the rotational mobility of the acyl chains in a lipid. The 2-

state model assumes that the excimer formation is a 1-step 

process in which the t~o pyrene moieties within the DipynPE or 

DipynPC diffuse towards each other and form an excimer. The 

fitted parameter CK~ obtained from this 2-state model contains 

both the geometrical (C) and dynamic (K~) factors. Therefore, 

a decrease in CK~ may either be due to a decrease in C or K~ 

(Cheng et al., 1991). Moreover, as a 1-step process, the K~ 

is influenced by both the lateral and rotational diffusion 

behavior of the pyrene moieties in the lipid membrane. On the 

other hand, according to the 3-state model, the excimer 

formation involves an intermediate aggregated state A. The 

excited A state, i.e., A·, can be formed from theM and M• 

states, or directly from the A state upon excitation. On the 

basis of a simple 2-dimensional lattice model (Sugar, 1991), 

the contributions from the geometry, lateral mobility and 

rotational mobility of the pyrene moieties in the lipid 

membranes are separated and characterized by C, f and K~, 

respectively. Interestingly, the values of CK~ and K~ 

obtained from the 2-state and 3-state models, respectively, 

declined abruptly at the L11 -Hu transition of DOPE, and 
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increased abruptly at the Lp-Lm transition of DMPC. Therefore 

we concluded that the rotational mobility of the lipid acyl 

chains in the HII or Lp phase is significantly hindered when 

compared with that in the Lm phase. Besides, the value of K~ 

of Dipy 4PC is smaller than that of Dipy10PC. This means the 

rotation of the probe is more hindered near the interface than 

that at the center of the bilayer. 

The effective concentration C . 
lS an interesting 

geometrical factor used in this study for the first time to 

characterize the free volume available for the pyrene moieties 

of DipynPE or DipynPC in a liquid crystalline system. As 

discussed 1n Chapter 3, c . 
lS inversely related to the 

intramolecular free volume of DipynPE or DipynPC at the ends 

of the fatty acyl chains where the pyrene molecules are 

attached. Now, if the ends of the lipid acyl chains are more 

tightly packed, the number of lattice points available for the 

pyrene moieties to reside will consequently be decreased. On 

the basis of the observation that C increased abruptly as the 

lipid entered the HII phase from Lm phase (Fig. 4. 11) and 

decreased abruptly as the lipid entered the Lm phase from Lp 

phase (Fig. 4.12), we concluded that the available lattice 

space or intralipid free volume available to the terminal ends 

of the lipid acyl chains in the highly curved H11 phase, and 

in the tightly packing Lp phase, is smaller than that in the 

planar Lm phase. The value of C of Dipy4PC is higher than that 

of Dipy
10

PC. This can be explained by the fact that the region 
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of the acyl chains are packed tighter near the water interface 

than that near the center of the bilayer. 
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CHAPTER 5 

FUTURE DIRECTIONS 

5.1 Steady State Measurements 

In this study, we have performed the steady state 

spectral peak ratio III/I and E/M ratio measurements for 

Dipy 4PC and Dipy 10PC in DMPC, but only Dipy 14PE in DOPE. The 

steady state measurements for Dipy4PE and Dipy10PE in DOPE and 

Dipy14PC in DMPC will be performed, in order to get systematic 

steady state measurements of DOPE and DMPC at all n's, i.e., 

4, 10, 14. Besides, a systematic investigation on the spectral 

characterizations of DipynPE or DipynPC in other liquid 

crystalline systems will also be performed. From the peak 

ratio measurements of the pyrene monomer fluorescence one can 

obtain the dielectric gradient of the lipid layers in well 

defined phases. 

5.2 Frequency-Domain Dynamic Measurements 

Similar to the steady state measurements, systematic 

frequency-domain measurements on DipynPE and DipynPC will be 

performed for DOPE and DMPC/water system. The intramolecular 

dynamic parameters of DipynPE and DipynPC should provide new 

information on the intra-lipid rotation and free volume of the 

liquid crystals at different depths of the layer in well 

defined phases. 
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5.3 Different Lipid/Water Systems 

DipynPE/PE/PC/water mixtures at different compositions 

and temperatures will be studied. Three dimensional contour 

plots, e.g., the intralipid rotation rate K~ as a function of 

composition and temperature, will be used to systematically 

investigate the dielectric gradients and intramolecular 

dynamic behaviors of the monomers at different regions of the 

liquid crystals and at different phases. Some PE/PC/water 

mixtures are known to exhibit metastable phases and packing 

defects based on recent structural techniques. Whether the 

steady state spectral measurements and/or intramolecular 

dynamic measurements can detect those interesting metastable 

states or defects are still unknown. 

5.4 Theoretical Model 

A new excited-state-reaction model, equilibrium 

conformation model, will be used to determine the dynamic 

parameters. Instead of using the parameters (K~, Krndt Kfrn/Kfd' 

C and f) as in the 3-state model, the new model will use the 

parameters KAA, KAA, KM and K~ directly. A new parameter R, 

which is related with the equilibrium population ratio of the 

aggregate state to monomer state will be employed to describe 

the geometry of the intramolecular free volume. Some 

interesting preliminary results based on this equilibrium 

conformation model have been obtained. 
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