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ABSTRACT 

The study of two-photon absorbing (TPA) chromophores has previously shown 

that intramolecular charge transfer (ICT) between electron donors (D) and acceptors (A) 

symmetrically substituted on a jc-conjugated bridge can result in large values of the two-

photon cross section (6). This work addresses the role of torsion in the jr-backbone on d, 

modulation of 6 by solvent polarity, and development of two-photon excitable molecular 

sensors. 

Investigations of the one- and two-photon properties of di(styryl)benzene 

derivatives with terminal donor groups and cyano acceptors substituted either on the 

central phenyl ring or on the adjacent vinyl groups show that the position of the cyano 

group has a significant effect on the geometry and optical properties of the molecules. 5 

for vinyl substituted molecules is half that for phenylene substituted molecules and is 

similar to the values obtained for molecules with no acceptor groups. The one- and two-

photon spectroscopic differences can be related to the donor-acceptor distance in these 

molecules and to the degree of torsion in conjugated backbone. Torsional effects on the 

electronic coupling of multi-chromophore molecules are also investigated. 

For quadrupolar TPA chromophores, solvent polarity weakly affects the linear 

absorption but strongly modifies the fluorescence spectral position and quantum yield 

(rj). The TPA peak position does not shift with solvent polarity, however the magnitude 

of d increases by up to a factor of two in acetonitrile relative to toluene. Analysis of the 

data in terms of the stabilization of intramolecular charge transfer by polar solvents is 

explored. 

Two-photon absorbing molecular sensors are investigated in which an ion binding 

group is incorporated as one of the donor groups (D-A-D') in a TPA molecule. When 
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one monoaza-15-crown-5-ether macrocycle is bound to the chromophore, the two-photon 

induced fluorescence signal (r]d) decreases seven-fold upon addition of magnesium ions, 

in part as 6 is modulated, due to decreased ICT from the nitrogen lone pair involved in 

ion binding. In molecules incorporating l,2-bis(o-aminophenoxy)-ethane-A^,MA'^,A^-

tetraacetic acid, a 5-fold enhancement of r]5 is observed upon calcium ion binding in 

water at 720 nm. Changes in the TPA spectrum upon binding of Ca^^ in micellar systems 

are also observed. 
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CHAPTER 1: INTRODUCTION 

1.1 Background of Two-Photon Absorption 

Two-photon absorption was predicted theoretically in 1931 by Maria Goppert-

Mayer/ In 1961, one year after the ruby laser was invented, the first experimental 

observation of two-photon absorption was made in a Eu^^ doped CaFj crystal using a 

fluorescence detection method by W. Kaiser and C.G.B. Garrett.^ In subsequent years, 

two-photon absorption was applied to high resolution, gas phase absorption spectroscopy 

as a method to reduce Doppler broadening by exciting samples with counter-propagating 

beams,' to the excitation of electronic states in the vacuum ultraviolet with longer, more 

accessible, wavelengths,'^ and to the investigation of one-photon forbidden electronic 

transitions in molecules/'® 

In the last decade, interest in two-photon absorption has intensified as it has 

shown promise in a number of technologies, including three-dimensional 

microfabrication,^"® optical data storage,'" " optical power limiting,'^"'' photodynamic 

therapy,''' and fluorescence microscopy.'^ '® There are several advantages of two-photon 

absorption over one-photon absorption that are essential to these applications. The first is 

the dependence of the two-photon absorption probability on the square of the excitation 

intensity. If a focused laser beam is used as the excitation source, the intensity of the 

beam falls off as from the focal plane, where z is the propagation direction of the 

beam. Since the probability of two-photon absorption depends on the square of the 

intensity, the two-photon absorption probability will decreases as from the focal plane 

of the laser beam. This allows for excitation of chromophores with a high degree of 

spatial selectivity in three dimensions.'® Secondly, the ability of two-photon absorption 
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to access excited states with photons of half the total excitation energy provides improved 

penetration in absorbing or scattering media. This is due to the optical transparency of 

the medium to single photon absorption, and the dependence of the scattering efficiency 

on A"^, such that red light is scattered less effectively than bluer wavelengths. Thirdly, in 

biological applications, the use of longer wavelength excitation can reduce cellular 

autofluorescence from proteins and other intrinsic fluorophores which typically absorb 

ultraviolet and visible wavelengths.'® 

Chromophores with large two-photon absorptivities offer the potential for greater 

sensitivity in various two-photon activated processes, which can allow lower laser 

intensities to be used for excitation and reduced probability of optical damage. For 

example, fluorescent chromophores with large two-photon cross sections (6) may allow 

for two-photon fluorescence imaging of biological samples with reduced photoinduced 

damage to the system under study, either through a decrease in laser intensities or in the 

necessary dye concentration in the sample. The need for chromophores for use in these 

applications has driven research to develop relationships that describe how structural 

changes to molecules modify the two-photon properties and to formulate guidelines for 

how to systematically increase the two-photon cross section and tune the position of the 

two-photon absorption peak. The development of such structure-two-photon property 

relationships will greatly benefit the design of a new generation of materials not only 

characterized by improved performance under two-photon excitation conditions but also 

possessing other molecular properties, such as a high fluorescence quantum yield or 

efficient intersystem crossing, which make those materials suitable for a given 

application. 
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1.2 Principles of Two-Photon Absorption 

Two-photon absorption (TPA) refers to the process involving the simultaneous 

absorption of two individual photons leading to a transition between real states of a 

molecule or atom, such as the ground state (g) and a final excited state (e'), through a 

virtual intermediate state (v) (Figure 1.1). Although the energy of each photon is less 

than that necessary for absorption by the molecule, the sum of the energies of the two 

photons corresponds to the energy required for the 

transition. Conceptually, the first photon can 

interact with a molecule, creating a virtual 

intermediate state, if it is not in resonance with a 

one-photon transition, and the second photon further 

excites the molecule to the final excited state. The 

virtual intermediate state is a superposition of all the 

molecular states, but is not an eigenstate of the 

molecule. The lifetime of the intermediate state 

determines the time scale for photon coincidence 

and can be estimated from the Heisenberg 

uncertainty principle which states that AEAt^h. At describes the time scale for 

simultaneous arrival of the two photons, ti is Planck's constant divided by 2xc, and 

AE=Eg^-h<jois the difference between the energy of the photon and of the real 

intermediate state (e). The closer in energy of the intermediate state and final states, the 

longer the value of At. For example, for a detuning value of 1 eV, At is on the order of 5 

fs.^''^ 

For molecules which are symmetric with respect to inversion, a two-photon 

transition is allowed between states of the same parity (i.e. gerade <->• gerade or ungerade 

> 

hco 

< 

> 

hco 

< 

Figure 1.1. Three level model 
for two-photon absorption in 
centrosymmetric molecules. 
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ungerade). In contrast, the selection rules for one-photon transitions require a change 

in the parity of the states (gerade ungerade). For molecules which do not have a 

center of inversion, two-photon transitions do not have parity restrictions. 

The work described in this dissertation will focus on centrosymmetric molecules, 

and a simple diagram such as that in Figure 1.1, can be used to illustrate the TPA process. 

Typically, for molecules with symmetry the ground state {g) of the molecule is totally 

symmetric (Ag) and the one-photon state (e) has B„ synmietry. For the molecules studied 

here, e is also the lowest energy excited state. The two-photon state, e', refers to a higher 

lying excited state which possesses Ag symmetry. This state may or may not be the 

second lowest excited state. In experiments described in this work, the two photons have 

identical polarization and energy, although absorption of two photons of different energy 

is also possible. Once excited to the two-photon state, several different types of 

photophysical processes can occur. Assuming that the two-photon state is not the lowest 

excited state, the molecule can relax to the lowest energy excited state by internal 

conversion. This process typically occurs on the scale of lO '^-lO'" seconds, and the 

smaller the energy gap between the two states, the more efficient the process.'® 

Photophysical processes (e.g. excited state absorption) can take place from the two-

photon state if they occur on a competitive time-scale with internal conversion. Lifetimes 

of the lowest energy excited state are generally longer (10"'°-10"® s) and many 

photophysical processes such as excited state absorption, fluorescence, intersystem 

crossing, and electron transfer become competitive with internal conversion. Kasha's 

rule" states that fluorescence will occur from the lowest excited state, and, although there 

are exceptions, generally holds for molecules of the type discussed in this work. 

Second order perturbation theory for the interaction of radiation and matter can be 

used to show that the rate constant for two-photon absorption between the ground (g) and 
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final (/) electronic states, Wg by two identical photons is related to the square of the 

photon flux, F, and the square of the two-photon absorption tensor, S^f, as:^'^ 

where Sgf can be related to the molecular two-photon absorption cross section and is 

described for near resonance conditions by; 

where k is summed over all electronic states, ji. is the dipole moment operator, e is the 

electric field polarization vector, co is the excitation frequency, and is the transition 

frequency between the g and k states. As the laser polarization enters in the definition of 

the tensor, excitation with different polarizations of light will probe different elements of 

5gf, which can give information about the symmetries of the states involved in the 

transition.^® The bra-ket terms in the numerator of equation 1.2 define the transition 

dipole moments between states g and k, and k asidf, respectively. 

In solution, all the orientations of a molecule with respect to the light polarization 

vector are equally probable and the molecular response can be described by the 

orinetational average of V i-e. |5fV' In the case of excitation by linearly polarized 

photons, the orientationally averaged two-photon absorption cross section d is:^^ 

where the summation over ij is over the Cartesian coordinates (i,j=x,y,z). For the case of 

a quasi-one dimensional molecule (only 0), equation 1.3 reduces to 

W^PccF'\S^, 
|2  

(1.1) 

(1.2) 

(1.3) 

(1.3b) 
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An alternative description of two-photon absorption is based on the formalism 

used in nonlinear optics, in which the polarization, P, of a material exposed to an electric 

field, E, is expanded in a Taylor series 

P,(£) - +... (1.4a) 
j ^ jk ° Jkl 

where P, is the ith Cartesian component of P, x'"' is the nth order susceptibility tensor of 

the material, and the summations are carried out over the Cartesian coordinates. At the 

molecular level, one can write a similar expansion for the dipole moment, Jl: 

f t ( £ ) - * • • •  ( l - 4 b )  
j  ̂ jk " jkl 

where is the ith Cartesian component of fi, ay is the polarizability of the molecule, 

is the hyperpolarizability, and is the second order hyperpolarizability of the molecule. 

The two-photon absorption cross section, 6, is related to the imaginary part of y as 

follows:^^'^'^ 

d = ^ Im[y(-cu;a),ca,-ftj)] (1.5) 

where co is the excitation frequency, ti is Planck's constant divided by 2jc, n is the 

refractive index of the solvent, c is the speed of light, and L is a local field factor, which 

can be expressed using the Lorentz local field factor (L=(n^+2)/3). It has been shown that 

y can be written as a sum of relatively simple terms under the assumption that a single 

intermediate state (e) dominates the response of the molecule. In this situation, the 

summation over the intermediate states, k, is reduced to a single term, involving state e, 

while a summation remains to be performed over those higher excited states (/) which 
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couple strongly to e. The summation between excited states is used to describe the 

overall response of the material at frequency co, whereas equation 1.2 refers specifically 

to a given transition between g and/and so does not include this second summation. 

This results in the following simplified expression for the component of y which lies 

along the long axis (x) of the molecule:^^ 

-hOi- /rge)(^ge - - iTge)(^ge " - iT^^) 

MlMlf 

(^ge - ITlCD - /r^f)(£ge - - ̂Tge) 

M ge 

(E^-hw- ir„)(£„ - Ho, - .r„)(£„+hco - ir^) 

D 

N 

(1.6) 

where F is a damping term which describes the homogeneous width of the transition 

between the subscripted states and the other variables have been described above. This 

expression consists of three terms. The first term (D) describes a two-photon resonance 

between states g and e and depends on the transition dipole moment between the g and e 

states, Mgg, the change in dipole moment between these two states (AjUgJ, and the energy 

difference terms in the denominator. This term is non-zero only for molecules with a 

change in dipole moment, and so is referred to as the "dipolar" term. The second term in 

expression 1.6 is the "two-photon" term (T) which may be non-zero for both 

centrosymmetric and non-centrosymmetric molecules. This term is summed over the 

higher excited states which couple to e and depends on the transition dipole moment 

between the g and e states as well as the e and / states, with detuning terms in the 
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denominator that depend on the energies of the g, e, and / states. The last term is the 

"negative" term (N) and is relevant only near linear resonance conditions and 

so does not generally contribute to two-photon absorption. 

If it is assumed that only one upper excited state,/=e', couples strongly to e, a 

three-level model can be used to describe the system, as shown in Figure 1.1. The 

additional assumption that the damping factor, T, is much smaller than the detuning term, 

gives the following simple expressions^®'^^ for the resonance conditions 2h(0 for the 

case of dipolar systems with D-term contributions; 

(1-7) 
ge r, 

and Iho) =E^^. for the case of centrosymmetric systems with only T-term contributions; 

6 , _ , o c — ( 1 . 8 )  

K e - H  

For non-centrosymmetric molecules, two-photon transitions do not have a parity 

restriction. However, for centrosymmetric molecules, only g-*e' type two-photon 

transitions are allowed due to parity selection rules (where the e' state has Ag symmetry). 

If the molecule has an inversion center, <g\fj,\k> is non-zero only if the two states are of 

opposite parity. In order for the numerator in equation 1.8 to be non-zero 

(<^ I fi I exe I At I e'> 0), states g and e, and e and e', respectively, must have opposite 

parity, which requires that states g and e' have the same parity. This is the origin of the 

selection rule for centrosymmetric molecules which states that transitions in two-photon 

absorption are between states of the same parity (gerade gerade or ungerade ^ 

ungerade).^ 
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The parameters which contribute to the two-photon cross section are transition 

dipole moments and energy difference terms involving the three states. In this simple 

picture, it is possible to estimate these transition moments and energy terms from one-

photon and two-photon spectra in order to obtain insight into the effect of structural 

changes on the electronic and two-photon properties of chromophores. The connection 

between two-photon properties and parameters which can be correlated to structural 

changes, such as transition dipole moments and state energies, can lead to new 

chromophores with more desirable properties and are of central importance for the design 

of new two-photon chromophores for specific technological applications. 

1.3 Review of Literature on Structure-Two-Photon Property Relationships 

Early studies of two-photon absorption focused on measurements which probed 

the one-photon forbidden states of small, symmetric organic chromophores such as 

benzene"^ and benzene derivatives,^^ anthracence (1),^' fran^-stilbene (2),^° and diphenyl-

polyenes.^' These chromophores typically have small peak two-photon cross-sections, 

usually less than 20 GM (1 GM six 10"^° cm^'s photon'^ molecule'^). With the advent of 

two-photon fluorescence laser scanning microscopy in 1990,'^ increased interest was 

devoted to two-photon absorption and measurements of two-photon absorption spectra. 

Two-photon measurements of a series of commercially available dyes that had typically 

been used for one-photon excited fluorescence microscopy were performed in the 

spectral range of the output of mode-locked TiiSapphire lasers^^ (see Table 1.1). The 

xanthenes, including rhodamine B (6) and fluorescein (5) derivatives, showed peak two-

photon cross sections that were in the range of ~40-300 GM in the wavelength range of 

700-900 nm. Coumarin dyes (4) demonstrated slightly lower cross sections in the range 

of 20-200 While these dyes were not optimized for TPA, they showed 
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moderately sized values of 5 and can serve as a benchmark for new chromophores, 

specifically developed to have large two-photon absorption cross sections or to exhibit 

two-photon absorption in certain spectral regions. 

Table 1.1. Two-photon absorption data from the literature for commercial 
chromophores. 

Structure J (2) 
^ max 

(nm) 
8 

(GM) 
Reference 

(1, COO 
Anthracene 

694.3" 0.23 29 

(2) 
trans-stilhenc 

488 18 30 

(3) 

/7-bis(o-methyl-styryl)benzene 

568 70.1 35,36 

(4) 

Coumarin 480 

781 160 36 

(5) U 

Fluorescein 

782 

920 

38 

26 

32 



25 

700 280 32, 34 

JyC02H 
840 210 

(6) 

Rhodamine B 

Result obtained from measurement of the TPA cross section at a single wavelength. 

In the late 1990's, two research groups independently proposed design strategies 

for the development of conjugated organic molecules with high two-photon absorption 

cross sections. Reinhardt, et developed an approach for developing two-photon 

absorbing chromophores based on asymmetric donor-:n;-acceptor substituted molecules as 

shown in Figure 1.2a. Albota, et investigated quadrupolar conjugated molecules 

a) b) 

D- -jt- -A D—Jt—k—3T—D 

Figure 1.2. Design scheme for two approaches to developing molecules with large 
two-photon absorption cross sections based on substitution of electron donors (D) and 
acceptors (A) on a conjugated backbone (n). a) asymmetrically substituted molecules 
and b) symmetrically substituted molecules. 

symmetrically substituted with electron donors (D) and acceptors (A) (Figure 1.2b). 

These approaches can be discussed in terms of the parameters in the three-level model 

described above in equations 1.7 and 1.8. In the case of dipolar molecules as in Figure 

1.2.a, increasing the change in the dipole moment between the ground and excited states 

should positively affect <5 and this can be achieved by changing the donor and/or acceptor 

strength of the molecules as well as the distance between donors and acceptors. Another 

parameter of interest for dipolar molecules are the transition dipole moments between the 

states g and e. For centrosymmetric molecules as in Figure 1.2.b, both and 



26 

contribute to <5. The transition moments describe the degree of displacement of charge 

between the two states, and can be quite large, even if there is no static dipole moment. 

Conceptually, it is possible to increase the displacement of charge by changing the donor 

and/or acceptor strength (increasing the amount of charge moved) and increasing the 

distance over which the charge moves by changing the conjugation length of the 

chromophore. Additional parameters influencing the two-photon absorption cross section 

are the energy difference between states, which can also be tuned by changes in 

molecular structure. 

Albota, et al?^ observed that the symmetric substitution of electron donor groups 

to trans-stilhene (2) (6=18 GM at 488 nm^°'^') caused an order of magnitude increase in 

dto 210 GM at 600 nm for molecule (7) (4,4'-(di-n-butylamino)stilbene) (selected 

molecules are shown in Table 1.2). Extending the jt-bridge from stilbene to 

distyrylbenzene such as in 4,4'-(di-n-butyl amino)-distyrylbenzene (9) resulted in 6 = 995 

GM at 730 nm. The addition of acceptor groups to the center of the molecule, to create a 

donor-acceptor-donor motif, resulted in values of 6 = 1940 GM at 835 nm for l,4-(di-

phenyl-amino-styryl)-2,5-cyano-benzene (10). A molecule with strong acceptors as end 

groups and donors in the center (11) gave the largest value of 6 reported at that time 

(~4400 GM).^^ These experimental results, coupled with quantum chemical calculations, 

led to the idea that the magnitude of d depends on the degree of symmetric intramolecular 

charge transfer upon excitation. By adding donor and acceptor groups to the conjugated 

backbone of the molecule, it is possible to dramatically increase the two-photon response 

of the molecule because these groups facilitate intramolecular charge transfer.^^ A more 

detailed study^'^ investigated distyrylbenzene and diphenylpolyene backbones 

symmetrically substituted with diphenyl- or dialkyl-amino donor groups, such as 8, and 

how these structural variations in the jr-backbone affect the energy level orderings and 
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electric dipole couplings for the states involved in the two-photon transition. For these 

molecules, it was shown that the two-photon absorption cross section increases and the 

position of the two-photon band is red-shifted with increasing chain length. In the 

context of the three-level model discussed above, these studies determined that increasing 

the conjugation length of the molecules causes an increase mainly in and a decrease 

in the detuning energy, whereas the presence of terminal donor groups mostly affects 

for a given 3t-backbone. This is consistent with the ideas put forth above that by 

modulating the redistribution of charge on excitation (intramolecular charge transfer) the 

transition moments are affected, and that this modulation can be effected by changing the 

conjugation length over which the charge can move, and increasing the donor and 

acceptor strengths of the substituents. 

Table 1.2. Two-photon absorption data from the literature for centrosymmetric 
molecules. 

Structure 1(2) 
^ max 

(nm) 

e 
^max 

(GM) 
Reference 

Bu 
V^\ /=\ Bu 

Bu /Vn 
(7) ^ Bu 

600 210 24,27 

N-f VK , 7=:^ Bu 
Me H<\ />-N 

(8) Bu 

730 425 24 

Bu 

(9) "^Bu 

730 995 24, 27 

O 

NC~ 

(10) W 

835 1940 27 
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OL 
nX-Jr^CNPMe 
" a A /\ OR 

\ OMe 
^Jl A ^\_/~\_y"^ 

^ RO ^r-^~\~%0 
R=Ci2H25 MeO 

(11) U 

975 4400 27 

(12) Bu " " Bu 

765 1200 38 

Bu ^S,. -Sv Ri i  

Bu Bu 
(13) 

795 670 38, 39 

(14) 740 1050 

Hex \=/ \=/ Hex 

40 

(15) ^ 

640 250 41 

_ Q 

(16) U 

690 1050 41 

/ 0_ M 
(17) /I * 

1180 202 42 
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Reinhardt, et al}^ made important observations for asymmetric donor-:n:-acceptor 

substituted chromophores. Biphenyl, 2,6-naphthyl, and fluorene n-backbones were 

substituted with various donor and acceptors groups, such as in 18 (see Table 1.3). In 

this study, 8 was measured at a single wavelength (800 nm), and so the ability to 

formulate structure-property relationships for the series studied is limited by the 

assumptions that the two-photon absorption band position and shape does not vary 

between the different molecules being compared. This study resulted in the identification 

of several structural changes which enhance the two-photon cross-section at 800 nm for 

this class of materials. These include increasing the planarity of the Jt-bridge of the 

molecule, increasing the conjugation length of the chromophore, and increasing the 

strength of the electron donor group. Unfortunately, the two-photon absorption cross 

section measurements in the original paper included contributions from excited state 

absorption. Several follow up studies by the same group and others"^^"^ have shown the 

importance of the electron donor and acceptor strength for a given Jt-system for these 

donor-acceptor type chromophores on the effective two-photon cross section 

(measurements include an excited state absorption contribution). 
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Table 1.3. Two-photon absorption data from the literature for dipolar molecules. 

Structure 0(2) 
^ max 

(nm) 

S 
^max 

(GM) 
Reference 

H2iCI^10H21 

(18) VJ 

796" 22 48 

H2IC-|£ioH21 

,N-0-<>-«sX; 

(19) 

816'' 820 49 

/=< ^ ^ ^-\_J-no2 
(20) \-J 

864" 1300 45 

(21) 

972' 170 50 

(22) HO \=/ 

945' 102 50 

fTrV^ 
(23) '-^S^^QHCHO 

750" 24 51 

[PtV^ 
(24) '^0-^^^Q-CHO 

750" 52 51 

Q ̂  
(25) Q ^ ̂  

800 132 52 
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1192 1395 53 

(26) 1 
J CN 

" Result obtained from measurement of the TPA cross section at a single wavelength. 
'' Two-color pump probe experiment. The wavelength reported is the one for which (5max 

would be observed if degenerate photons were used for the excitation. 

Computational studies^^'^'^'^^ provide additional support for the experimental 

observations that intramolecular charge transfer is correlated to large values of d. One 

important issue is whether there is an optimum degree of intramolecular charge transfer 

for maximizing the two-photon absorption cross section. Several theoretical groups have 

addressed this question by subjecting a molecule to an electric field to enhance the 

polarization and intramolecular charge transfer in the ground state of the chromophore. 

The computational studies predict, that, at some point, the two-photon cross section will 

no longer increase as the electric field is increased.^'^'^^"'^ In one of the few calculations for 

a quadrupolar chromophore (a D-A-D stilbene), Zojer, et al.^'' predict that the two-photon 

absorption cross section will have a maximum when the molecule is moderately polarized 

and then will rapidly decrease when the molecule is further polarized (see Figure 1.3). 

The polarization of the molecule can be correlated to the jc-bond-order alternation (n:-

BOA), which is related to the difference in bond order between the single and double 

bonds in the Jt-system, which is about -0.45 in a system with no charge transfer (neutral 

form), -1-0.45 for a system with full charge separation (zwitterionic form), and 0 when the 

bond orders are all equivalent and the contribution of the neutral and zwitterionic 

resonance forms are equal. It was also found that the two-photon transition strengths of 

dipolar molecules described by the D-term and T-terms in equation 1.6 have a different 

dependence on the ground state polarization but still show an optimized value for 
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maximizing 6.^^ The saturation or decrease in 6 with increased polarization has not been 

experimentally observed to date, but the computational studies indicate that an optimum 

value should exist. For second-order nonlinear effects, experimental and theoretical 

evidence for the existence of a maximum nonlinear optical response with respect to 

ground state polarization is well established.®'®' 

1000 

800 

600 

400 

-0.45 -0.40 -0.35 -0.30 -0.25 -0.20 -0.15 -0.10 

n - BOA 
Figure 1.3. Evolution of the two-photon absorption cross section with jt-bond-order 
alternation (jt-BOA calculated with the Ohno-Klopman potential). The solid squares are 
calculated using a full sum-over-states expression including the 300 lowest-lying excited 
states; the open circles are calculated using the three-level model. Figure is taken from 
Zojer, et 

A large number of studies have investigated new chromophores based on these 

two design motifs and have resulted in chromophores with very large two-photon 

absorption cross sections. A selected summary of the current literature follows, with 

illustrative examples in Tables 1.2 and 1.3. In D-A type molecules, a large number of 

donors and acceptors groups have been investigated including heterocycles such as 19,''® 

23, and 24^' as well as trivalent boron (25).^^ The presence of different donors and 

acceptors affect not only the magnitude of 8, but also the position of the two-photon 

band. In D-A molecules with stilbene backbones substituted with quinolinium or 

pyridium iodide acceptors and amine donors the two-photon band is observed at about 
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1000 Variations in :r-bridges that have been investigated include stilbene and 

diazabenzene compounds substituted with nitro acceptors and amino donors such as 21 

and 22 above/""®'' as well as pyrylium dyes,®^ and merocyanine derivatives (26).^^ 

Molecules with good two-photon absorption properties such as 19"' and 20''^ where 

(5 >800 GM have been synthesized. A deeper understanding of structure-property 

relationships for D-A type molecules has been hindered, however, by the large number of 

chromophores that have been measured only at a single excitation wavelength. A number 

of papers attempts to draw structure-property conclusions for gropus of chromophores in 

which the assumption that the two-photon maximum does not shift is not likely to hold. 

Nevertheless, various computational papers^^'^®'®^ provide insight into the molecular 

parameters that are significant, such as the changes in dipole moments and transition 

moments. 

Structural variants on the linear D- 7t -D and/or A- n -A scheme have also been 

investigated by various research groups. New donor and acceptor groups including 

acceptors containing fluorine,®^ heterocyclic donor and acceptor groups,^^ and bis(«-

carbazolyl) substituted stilbene (15), distyrylbenzene (16), and diphenylpolyenes''^ have 

been studied, amongst others. Squaraine groups, which act as electron acceptors, were 

symmetrically substituted with different donors groups and their optical properties were 

studied."'^®' The two-photon absorption cross sections for these molecules, such as 17, 

were very sensitive to the donor strength of the substituent. Several alternative 

conjugated backbones have been explored including dihydrophenanthrene (12)™ and 

dithienothiophene (13), which are rigid analogues of biphenyl and di-thiophene.^®'^''^° A 

molecule containing a bis(phenyl-acetylenyl-styryl)-biphenyl backbone (14) has been 

synthesized and shows a similar value of 6 (1050 GM) as molecules 9, 12, and 16, in 

spite of the longer Jt-conjugation length, perhaps to due to some reduction of electron 
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delocalization due to the biphenyl core."*" Molecules of D-A-D type substitution routinely 

are reported to have cross sections of greater than 1000 GM. 

Porphyrins, which are of interest for photodynamic therapy/' have also been 

studied. Tetraazaporphyrins have been symmetrically substituted in different patterns 

with electron acceptors^^ and have shown large increases in the two-photon absorption 

cross section (6 up to 1600 GM) over unsubstituted porphyrins (5 ~60 GM).^^ It was 

shown that d increases in linear proportion with the substituent's Hammett constant, a 

parameter which characterizes the electron accepting or donating ability of the group, a 

relationship which was predicted theoretically by Lee et al. for octupolar molecules/'' 

Recently, both computational and experimental work has been published for a 

design strategy of two-photon chromophores based on an octupolar molecular scaffold 

(Table 1.4). Planar octupolar molecules with a shared core and three arms, were 

calculated to have large two-photon absorption cross sections.Lee, et alJ'^ have 

shown theoretically that d for this class of molecules increases monotonically with the 

donor/acceptor strength of the substituents and have related this to the increase in 

transition dipole moments and decrease in the energy gap in a four-state valence-bond 

model. Calculations predict that the two-photon absorption cross section can be further 

enhanced when the core of the chromophore allows for significant electronic coupling 

between the arms of the molecule.The theoretical results have been compared to 

experimental data on crystal violet (27) (6 =1980 GM)^^ and l,3,5-tricyano-2,4,6-

tri(styryl)-benzene derivatives such as 28 (6 = 50-2620 GM, depending on donor 

substitution)'^ and show good agreement. 
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Table 1.4. Two-photon absorption data from the literature for branched molecules. 

Structure 1(2) 
^ max 
(nm) 

fi 
^max 

(GM) 
Reference 

(27) ? 

752 1980 25 

NCyiyCN 

(28) /J k 

990 1390 75 

196" 87 76 

9 

n-n/J' 1^0 

(30) 

196" 274 76 
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796" 600 76 

o' 'N 
-N 

V 

V 

J| 

(31) 

" Result obtained from measurement of the TPA cross section at a single wavelength. 

Studies of how linked chromophore systems and their electronic coupling affect 

the two-photon properties is a more recent area of investigation. Chung, et have 

used the donor-acceptor chromophore (29) as a "building block" and coupled two (30) or 

three (31) of the units through a common amine group. They report that the value of 6 of 

the "trimer" is six times larger than that of the monomer, a super-linear increase with the 

number of chromophore units. A computational study on these compounds" supports an 

enhancement in the two-photon absorption cross section of the multibranched 

compounds, and attributes the effect to both electronic and vibrational coupling between 

arms. A dendrimer has been synthesized with chromophore 30 as the repeat unit and 

isophthalic acid esters as linking groups^^ such that the two-photon chromophores are 

present on the periphery of the dendrimer. Two-photon absorption measurements show 

that 5 for the dendrimer increases with each generation number, and the increase is 

approximately linear with the number of chromophore units. This linear increase is likely 
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due to the lack of a conjugated pathway between chromophores. Linking of two D-ji-D 

distyrylbenzene chromophores (such as 9) via a paracyclophane bridge results in peak 

two-photon cross sections that scale linearly between dimers and monomers.™ 

Dendrimers where the repeat unit is a 4,4'-bis(diphenylamino)stilbene chromophore^" 

also show a linear increase in the two-photon absorption cross section with the number of 

chromophore units. These studies suggest that the linking pathway between the 

chromophores is critical to the two-photon properties of multichromophore molecules. 

More systematic experimental and theoretical studies are needed for a better 

understanding of how the coupling of chromophores can lead to large super-linear 

increases in <5 with the number of coupled chromophores. 

A number of papers have been published on the two-photon properties of 

polymers, as many applications would benefit from the processability of polymers. 

Conjugated polymers also have novel electrical and optical properties due to their 

behavior as semiconductors.^' The individual chromophore units in the polymer can 

couple to form a larger conjugated electronic unit, and the effective conjugation length 

can be strongly affected by disorder in the system. In biphenyl, fluorene, and stilbene 

dimers, the two-photon absorption cross sections increase non-linearly compared to the 

monomers due to strong electronic coupling between the units in the pair and is reflected 

in the increase of the transition dipole moments.As an example, 8 was calculated to be 

60 GM for a fluorene monomer and 570 GM (at 530 nm) for the dimer. Experimental 

values are an order of magnitude smaller, with 2,2'-(9,9-dihexyl) bifluorene having 6 =55 

GM, whereas the nonlinear response from the fluorene monomer was too weak to 

detect.®^ This work was extended to a polyfluorene polymer,^'' for which a value of 

6 =20,000 GM at 625 nm was obtained experimentally. The polymer coherence length, 

or the number of effectively coupled monomer units, is approximately 12. This clearly 
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demonstrates the strong effect that conjugation length can have on the two-photon 

absorption cross section. 

Donor-squaraine units (17) have been coupled with thiophene units to form 

oligomers whose two-photon absorption cross section increases monotonically with the 

number of repeat units.Several other Jt-conjugated polymer systems have been 

studied®^ Some of the more detailed studies include a ladder type polymer of para-

phenylene^® which has a cross-section of 72,000 GM at 769 nm (estimated conjugation 

length of 12 repeat units), and a carbazolyl-hexadiyne polymer^^ with a 6-10"^ GM. 

Several other polymers have been studied, including some in which a two-photon 

chromophore forms the polymer backbone,^^ as well as systems in which the 

chromophore is a pendant on the polymer chain.^®"®' These optical studies on polymers 

and linked chromophore systems raise questions regarding the role of torsional motions 

and disorder in the conjugated backbone on the two-photon absorption properties. 

Research in the field has begun to focus on attaching specific functional groups to 

two-photon chromophores to impart a desired chemical functionality to the 

chromophores. Some examples include the covalent attachment of sulfonium salts to a 

two-photon chromophore for two-photon excited generation of protons, to be used in 

two-photon induced cleaves of esters and polymerization of epoxides,®^ and the 

incorporation of heavy atoms such as bromines, which can sensitize singlet oxygen 

production from the molecular triplet states.^'®'®'' Photochromic two-photon switches 

based on 1,2-diarylethenes^^ and spirobenzopyran'" have been investigated for optical 

memory applications. 

In general, the results obtained in the field to date on symmetrically and 

asymmetrically substituted conjugated chromophores are consistent with the design 

strategies proposed by Albota, et al. and Reinhardt, et al, respectively, and can be 



39 

reasonably well explained by the simplified model described by equations 1.7 and 1.8. 

Enhanced intramolecular charge transfer (ICT) is correlated to large values of 6, and is 

enhanced by increasing the conjugation length and planarity of the jt-system, and by the 

presence of strong electron donors and/or acceptors coupled to the jt-system. 

Many questions on structure-property relationships for two-photon absorption 

remain unanswered, particularly with regards to alternative methods of modulating or 

increasing the intramolecular charge transfer in the molecule. As an example, one could 

consider using the molecular environment as a driving force to alter the electronic 

structure of the chromophore and affect the two-photon properties of the chromophore. 

The environmental perturbation could be achieved in various ways, for example, by 

applying an electric field, such as occurs across a biological membrane, or by changing 

solvent polarity. Additionally, there is potential for coupling specific functional groups 

to the two-photon chromophores in order to perform photochemistry on the femtoliter 

scale via two-photon excitation or to produce molecular sensors or imaging agents. As 

mentioned above, the coupling of molecular chromophores to create supramolecular 

assemblies provides interesting possibilities for new molecular architectures 

characterized by very large values for the two-photon absorption cross sections. 

1.4 Research Objectives 

The objective of the research contained in this body of work is to develop a better 

understanding of the effects of molecular and electronic structure on the two-photon 

absorption properties of chromophores and to use this understanding to identify strategies 

for designing active or functional two-photon absorption chromophores. One goal of this 

work focuses on elucidating the role of torsional mobility and distortion of the Jt-

backbone from planarity on the optical properties of two-photon chromophores. One 
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route in which this will be investigated is through the substitution patterns of donors and 

acceptors on a distyrylbenzene backbone (Chapter 3). The effect of different positions of 

the cyano acceptor on the molecular geometry, linear absorption and fluorescence, and 

two-photon properties will be studied. Additionally, molecules with a new molecular 

architecture consisting of four styryl arms, substituted with donors and/or acceptors, 

coupled through a conjugated core are investigated (Appendix A). The optical properties 

of these molecules raise questions regarding the electronic coupling of the arms via the 

linking pathway and the geometric distortions that it imposes on the n:-backbone. A 

second focus of the research in this dissertation has been to understand the modulation of 

the electronic and two-photon properties of quadrupolar chromophores due to external 

perturbations. One approach is to alter the ground state polarization of the chromophore 

by changing the polarity of the local solvent environment and studying the effects of the 

environment on linear and two-photon spectra (Chapter 4). Substitution with ion binding 

groups provides a method to affect strongly the electronic configuration of the 

chromophore in the presence and absence of ions (Chapter 5). Studies on how ion 

binding affects the two-photon properties of the chromophore lead to the design of two-

photon excitable molecular sensors. 
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CHAPTER 2: METHODS AND MATERIALS 

2.1 Materials 

The two-photon chromophores investigated in this work were synthesized by 

Prof. Seth R. Marder's research group^ at the University of Arizona and California 

Institute of Technology and include: 2,5-dicyano-l,4-bis[2-(4-di-n-butylamino-phenyl)-

vinyl]-benzene (1 or CN-DSB, TP); 2,5-dicyano-l,4-bis[2-(4-diphenylamino-phenyl)-

vinyl]-benzene (2, MDL); l,4-bis[l-cyano-2-(4-di-n-butylamino-phenyl)-vinyl]-benzene 

(3, MDL); and l,4-bis-[l-cyano-2-(4-diphenylamino-phenyl)-vinyl]-benzene (4, MDL) 

whose optical properties are described in Chapter 3 and synthetic details can be found in 

reference 96. Studies of £'-4,4'-bis(A^,A^-di-«-butylamino)-stilbene (SB, HR), l,4-bis[2-

(4-di-n-butylamino-phenyl)-vinyl]-benzene (DSB, GS), and l,4-bis[2-(julolidinyl-

phenyl)-vinyl]-benzene (j-DSB, VA) are described in Chapter 4 and synthetic details are 

given in references 24 and 97. The molecules incorporating ion binding groups discussed 

in Chapter 5 include: 2,5-dicyano-l-[2-(4-dimethylamino-phenyl)-vinyl]-4-[2-[4-

(l,4,7,10-tetra-oxa-13-aza-cyclopentadecyl)-phenyl]-vinyl]-benzene (CRl, OT); 2,5-

dicyano-1,4-bis-[2-(4-( 1,4,7,10-tetra-oxa-13-aza-cyclopentadecyl)-phenyl)-vinyl]-

benzene (CR2, OT); and {[2-{2-[2-(Bis-ethoxycarbonylmethyl-amino)-5-methyl-

phenoxy]-ethoxy}-4-(2-{2,5-dicyano-4-[2-(4-di-butylamino-phenyl)-vinyl]-phenyl}-

^ The researcher who synthesized each molecule is indicated by their initials in 
parenthesis following the name of each molecule and the abbreviation for the 
compound name. The researchers are Valerie Alain (VA), Maximilienne Bishop (MB), 
Marcus Halik (MH), Michael D. Levin (MDL), Timo Meyer-Friedrichsen (TMF), 
Timothy C. Parker (TP), Harald Rockel (HR), Girija Subramaniam (GS), Osamu 
Tsutsumi (OT), Qing Zhang (QZ), and Yadong Zhang (YZ). 
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vinyl)-phenyl]-ethoxycarbonyl-methyl-amino}-acetic acid ethyl ester (TPA-BAPTA(E), 

MH). Details on the synthesis of these compounds will be reported in references 98 and 

99. l,2,4,5-tetrakis-[2-(4-diethylamino-phenyl)-vinyl]-benzene (Ph-4D, MB); 2,3,5,6-

tetrakis-[2-(4-diethylamino-phenyl)-vinyl]-pyrazine (Py-4D, YZ); l,4-bis-[2-(4-diethyl-

amino-phenyl)-vinyl]-2,5-bis-[2-(4-nitro-phenyl)-vinyl]-benzene (Ph-2D2A, TMF), 2,5-

bis[2-(4-di-n-butylamino-phenyl)-vinyl]-pyrazine (Py-DSB, QZ), and 2,5-di-(dodecane-

l-ol)-l,4-bis[2-(4-nitro-phenyl)-vinyl]-benzene (A-DSB, TMF) are discussed in 

Appendix A and synthetic information will be given in reference 100. 

All organic solvents were spectrophotometric grade (Aldrich) and Ultrapure water 

(Millipore) used with a resistivity of > 18.2 MQ. Commercially available materials and 

compounds were used as received and include: poly(methyl methacrylate) (Aldrich), 

magnesium perchlorate (ACS reagent grade, Aldrich), calcium chloride (0.1 M standard 

aqueous solution, Thermo Orion), sodium hydroxide (Aldrich), potassium hydroxide 

(Aldrich), hydrochloric acid (EM Science), Triton X-100 (Sigma), sodium dodecyl 

sulfate (Sigma), cetyltrimethylammonium chloride (Aldrich), l,2-dioleoyl-5n-glycero-3-

phosphocholine (lyophilized powder, Avanti Polar Lipids), 4-morpholinepropanesulfonic 

acid (99%, Aldrich), and tetrabutylammonium bromide (Fluka). Coumarin 307 (Acros), 

fluorescein (Acros), l,4-bis(5-phenyloxazol-2-yl)-benzene (Aldrich), rhodamine B 

(Acros), l,4-bis(2-methylstyryl)-benzene (Aldrich), 9,10-diphenylanthracene (Acros), 

9,10-bis(phenyl-ethynyl)anthracene (Aldrich), coumarin 6 (Aldrich), 5-methylamino-

naphthalene-l-sulfonyl hydrazine (Molecular Probes), and quinine sulfate dihydrate 

(Lancaster) were all obtained in the highest purity available. 

Analytical thin layer chromotography (TLC) was performed on silica (Analtech) 

or aluminum oxide (Merck) phase TLC plates with F-254 indicator, and visualization was 

accomplished using a UV lamp. 
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2.2 TPA-BAPTA SaponiHcation 

The TPA-BAPTA molecule containing both a chromophore (CN-DSB) and a 

ligand (BAPTA) was obtained from the Marder group in the esterified form, which has 

greater long term stability than the carboxylate salt (structures shown in Figure 5.3.1). 

The ester groups were cleaved prior to experiments on ion binding. The saponification 

was performed under the following conditions, which are based on those in reference 

101. 2-3 mg of TPA-BAPTA(E) are placed into a test tube, 2-3 mL of ethanol (EtOH) 

are added and gentle heating is applied until the dye dissolves. A 100-fold excess 

(relative to the ester groups) of potassium hydroxide (KOH) in EtOH is added to the dye 

solution. The mixture is stirred in a water bath kept at 75°C for 6-8 hours. Using normal 

phase silica thin layer chromotography (TLC) plates to monitor the reaction gives limited 

information. With ethyl acetate as the eluent, the ester form in EtOH has an Rf value of 

0.95. This value becomes essentially 0.0 within a few minutes of adding the KOH, and 

remains zero for the rest of the reaction. Using methanol (MeOH) as the eluent gives 

additional information, where RpO.82 before the addition of base, and 0.70 at the end of 

the reaction. However, the use of alumina TLC plates and MeOH as the eluent results in 

a better separation of the reaction intermediates. The ester has RpO.O, multiple spots 

and/or smears appear at intermediate times, until after - 7 hours, a single spot is seen at 

Rf=0.43. Once the reaction appears complete by TLC, the EtOH is evaporated, and the 

solid is dissolved in ~1 mL ultra-high purity water. The solid dissolves readily and is 

transferred to a vial of known weight, along with washings of the reaction vessel. The 

pH is then adjusted to 7.2 with 3-(A^-morpholino)propanesulfonic acid (MOPS), a weak 

acid.'°^ This procedure has been performed multiple times, and the absorption spectra 

from the independent saponification experiments are very similar. 
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The saponification and subsequent measurements were performed under dim red 

light as UV excitation resulted in changes of the optical spectra over time. In the 

experiments involving micelles, the surfactant concentration was ten times the critical 

micelle concentration (cmc) for each surfactant. The surfactant was added to the aqueous 

buffer (MOPS), sonicated for 10- 20 minutes, and allowed to stand for30 minutes prior 

to the addition of the chromophore. After several hours, the calcium solution was added 

and the solution was left overnight in the dark in order for the components to reach 

equilibrium prior to optical measurements. The linear absorption and fluorescence spectra 

have been measured for the TPA-BAPTA anion in the presence and absence of calcium 

in Triton X-100 (TX) micelles, sodium dodecyl sulfate (SDS) micelles, 

cetyltrimethylammonium chloride (CTAC) micelles, and l,2-dioleoyl-5n-glycero-

phosphocholine (DOPC) vesicles (structures in Figure 5.3.4). Measurements were 

performed using calcium concentrations of 1-10 mM and 50-70 mM. High salt 

concentrations have been reported to affect the cmc of the surfactant as well as the size of 

the micelle. 

2.3 Structural Characterization 

The research compounds studied were characterized by 'H NMR spectroscopy 

(General Electric QE-300 FT NMR, Varian Unity Plus-500, or a Bruker AM-250 MHz 

NMR spectrometer), '^C NMR spectroscopy (QE-300 or Varian Unity Plus-500), and 

elemental analysis (Atlantic Microlab, Inc., Norcross, Georgia or Desert Analytics, 

Tucson, Arizona). 

Single-crystal X-ray structure determinations were performed on a CAD-4 

diffractometer using Mo Ka radiation (A = 0.71073 A) at the California Institute of 

Technology X-Ray Crystallography Laboratory by Michael D. Day and Larry Henling. 
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The structures were solved using direct methods with SHELXS-86'°'^ and the parameters 

for the non-hydrogen atoms were refined with full-matrix least-square procedures using 

SHELXL-93. 

2.4 Linear Spectroscopic Measurements 

Absorption spectra were obtained using a Hewlett Packard 8453 diode array 

spectrophotometer, which operates in the range of 190-1100 nm. This is a single beam 

instrument, and a blank spectrum of the solvent (including concentrations of salt and/or 

surfactant where appropriate) was subtracted from the sample spectrum to provide a 

baseline correction. The molar extinction coefficient, e, for the chromophores studied 

was obtained from a linear regression analysis of absorbance versus dye concentration 

using the Beer-Lambert equation® 

A(A) = £(A)CX (2.1) 

where A(A) is the absorbance at wavelength A, C is the concentration of the absorbing 

species, and £ is the pathlength of the sample. Dilutions of two independent stock 

solutions gave concentrations spanning a range of nearly two orders of magnitude and 

absorption spectra were obtained in 0.1 or 1 cm pathlength cuvettes, as needed. In this 

way, it was possible to check for deviations from the Beer-Lambert law due to 

aggregation effects at the higher concentrations as used in the measurements of the two-

photon spectra. For the experiments involving ion complexation, serial dilutions of the 

sample were not appropriate as this would perturb the equilibrium. To measure the 

extinction coefficients of the complexes, spectra were obtained in 1 cm and 10 cm 

pathlength cuvettes for several independent solutions and the extinction coefficients were 

calculated from these data and averaged. 
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A Spex Fluorolog-2 spectrofluorimeter was used to measure the steady-state 

fluorescence emission and excitation spectra. This instrument has a 150 W xenon lamp 

source allowing for excitation in the range of 200-600 nm. The excitation wavelength is 

selected by using a monochromator and the exciting light beam is weakly focused 

through the sample. The fluorescence emission is dispersed using a double 

monochromator, to improve stray light rejection, and is detected using a photomultiplier 

tube (PMT, Shimadzu R928) which is sensitive in the range of 200-850 nm. For 

fluorescence measurements on dilute solutions, the emission is collected perpendicular to 

the excitation beam, whereas for measurements on thin films the fluorescence is collected 

in a "front-face" geometry, where the angle between the excitation and detection paths is 

22.5° to reduce scattered light. The band widths for the excitation and emitted light were 

set using manually adjustable slits. The spectra reported in this work have been corrected 

by subtraction of the spectrum of a solvent blank sample and by introduction of a 

correction factor, which accounts for the wavelength dependence of the instrument 

response function as well as for variations in excitation lamp power. The dye 

concentration for steady-state fluorescence experiments was kept as low as possible in 

order to minimize reabsorption effects (typically 10"^ M). The solutions for fluorescence 

measurements were prepared such that the absorbance was less than 0.02 at the excitation 

wavelength, such that attenuation of the excitation beam in the sample is small. The 

fluorescence quantum yield, r], is defined as the ratio of photons emitted to photons 

absorbed and was measured against reference compounds with quantum yields well 

established in the literature. The quantum yield was calculated from the experimental 

emission spectra of the sample and reference using the following expression:'°^'^°^ 

(2.2) 
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where the subscripts S and R refer to the sample and reference conapounds, respectively, 

n is the refractive index of the solvent, A is the absorbance of the solution at the 

excitation wavelength, and fFdX is the fluorescence intensity, F, at each emission 

wavelength, A , integrated over the full fluorescence band. In a small number of cases, 

the tail of the fluorescence band extended past the long wavelength detection limit, 850 

nm, of the PMT. In these cases, a linear extrapolation of the fluorescence intensity to the 

baseline is included in the integration, although this is generally a small contribution 

(typically less than 5%). In all of the experiments performed, the sample and reference 

compounds were excited at the same wavelength and the same monochromator slit 

widths were used, so as to avoid additional correction factors for the differences in lamp 

intensity and transmittance of the instrument optics at the different wavelengths. The 

specific combinations of excitation wavelength and reference compounds used in the 

quantum yield determinations are stated where appropriate in the chapters that follow. 

For a single emitting species in solution, the decay of the fluorescence with time 

after excitation with a short pulse can often be described by a single exponential function: 

I = he"'' (2.3) 

where 1 is the fluorescence intensity at time t, and Iq  is the fluorescence intensity right 

after excitation {t = 0).'°^ The fluorescence lifetime, t, describes the average time that the 

molecule spends in the excited state prior to emitting a photon and is the inverse of the 

total decay rate. In systems with more than one population of emitting species, each 

species can have a different lifetime, resulting in a complex decay with multi-exponential 

behavior and the overall decay function would involve a sum over all contributions. 

Multi-exponential decay can occur in situations where there is more than one 

environment into which the dye can partition (such as micelles dispersed in water), and in 
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cases in which the dye can bind a species in solution, dimerize, or undergo excited state 

photochemistry resulting in a second fluorescent species. 

Fluorescence decays were measured using the time-correlated single photon 

counting (TCSPC) technique.'"^ A schematic layout for the system is shown in Figure 

2.1 and has been described previously.®® '"' Briefly, the frequency doubled light (532 nm, 

1.1 W) of an actively mode-locked Nd:YAG laser (Quantronix model 416, 76 MHz 

repetition rate, 1064 nm, lOW, pulse width <100ps) was used to synchronously pump a 

cavity-dumped dye laser (Coherent 702, 3.76 MHz repetition rate, «5 ps pulse width) 

with Rhodamine 6G in ethylene glycol as the lasing medium. The laser output is tunable 

in the range of 560-620 nm. The dye laser fundamental can be used directly in the 

experiment or can be frequency doubled for UV excitation. A monochromator and 

autocorrelator are used to characterize the dye laser output at the fundamental 

wavelength. In the experiments described in this work, the 610 nm output from the dye 

laser is focused into a potassium dihydrogen phosphate (KH2PO4, KDP) frequency 

doubling crystal to excite the sample at 305 nm. A filter is used to absorb the residual 

610 nm light and transmit the UV light. The UV beam passes through a half-wave plate 

and polarizer (set for s-polarization) to control the intensity of the excitation beam, and is 

then weakly focused into the sample. If the laser fundamental is used as the excitation 

source, the intensity is controlled using neutral density filters, and is then passed through 

a polarizer prior to the sample. The emitted light is collected at 90° to the excitation 

source by a lens (/71.5), collimated, and passed through a thin film polarizer set to the 

magic angle (54.7°) in order to obtain fluorescence decay curves that are free from 

anisotropic effects.'"^ The light is then sent through a second monochromator (ISA, Inc.) 

used to select the emission wavelength prior to the multichannel plate PMT (Hamamatsu 

1564U-01). The instrumental response function was determined to be 85-100 ps (full 
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width at half maximum) by measuring the scattered laser light from TiOj nanoparticles 

suspended in water. 

In the time-correlated single photon counting method, the time delay between the 

excitation pulse and detection of an emitted photon is measured and a histogram of the 

time delays is accumulated over many detected photons to build up a fluorescence 

intensity decay curve. This is achieved using a time-to-amplitude converter, which 

requires detecting two inputs; a start pulse (a signal from dye laser pulses striking a 

photodiode, PD), and a stop pulse indicating the detection of an emitted photon from the 

PMT. These signals are used as inputs to a constant fraction discriminator (CFD, 

Tennelec TC455) which is used to reject noise, and are then routed into the time-to-

amplitude converter (TAC, Ortec 457), the heart of the TCSPC instrument. The TAC 

output is a voltage (0-10 V) that is proportional to the time delay between the start and 

stop signals. The TAC output is sent to a pulse height analyzer (MCA, Ortec-Norland 

5600) which builds up a histogram of TAC outputs. The number of counts in each 

channel of the MCA is proportional to the fluorescence intensity, and each channel 

number represents a point on the time axis. The time increment can be adjusted to be as 

small as ~l-2 ps, but the system resolution is limited by the width of the instrument 

response function, which depends on both the dispersion in the PMT and the dye laser 

pulse width. The data collection proceeds until ~10'' photon counts are collected in the 

peak channel. It is critical that the excitation power be low enough so that the probability 

of detecting more than one emission event per excitation pulse is small. From Poisson 

statistics, a count rate of 0.05 photons per excitation pulse will give a probability of 

1.2x10'^ for detecting two photons per excitation pulse. This is generally agreed to be an 

upper limit on the count rate for TCSPC experiments''" and in the experiments described 

in this work, the count rate is 0.005 photons per excitation pulse or less. This 



50 

experimental condition creates dead time in which the TAC is waiting for a stop pulse 

from the PMT. This can be minimized if the TAC is run in a reversed mode where the 

signal from the PMT, which has a lower frequency of counts, is used as the start pulse, 

and the PD, which gives pulses at the faster repetition rate is used as the stop pulse. 

Following the collection of an adequate number of counts, the fluorescence decay data is 

downloaded to a computer and fit using a non-linear least squares method based on the 

Marquardt algorithm^®' to give the fluorescence lifetime (or lifetimes) of the molecules in 

the sample. The goodness of the fit is judged according to the reduced parameter. 

This parameter is related to the square of the difference between the experimental data 

point and calculated data point divided by the standard deviation of each data point and 

summed over all the data. If only random errors contribute, is expected to be near 

unity, and systematic errors result in larger values of For all the data reported, is 

less than 1.3. 

If a monoexponential decay curve for a species is obtained (only one emitting 

species in solution), then the measured fluorescence quantum yield (17) and fluorescence 

lifetime (t) can be used to calculate the radiative {kf^) and non-radiative (/c^r) decay rate 

constants:^" 

(2.4a) 
t 

(2-4b) 
t 
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Figure 2.1. Schematic layout of time correlated single photon counting system. The 
following abbreviations are used: Monochromator (Mc), photodiode (PD), polarizer 
(POL), thin-film polarizer (TF-POL), filter block (F), half-wave plate (X/2), lens (L), 
mirror (M), beam splitter (BS), sample (S), beam dump (BD), photomultiplier tube 
(PMT), and amplifier (AMP). KDP is the phase matched doubling crystal. The 
thicker lines represents electronic cables, and the thin lines, the optical path. 
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2,5 Measurements of Two-Photon Absorption Cross Section 

Two-photon absorption cross sections can be determined by several techniques, 

the most common of which are the non-linear transmission (NLT),''^ "^ Z-scan,'"^ and 

two-photon induced fluorescence methods.Other nonlinear optical methods"^ "® 

such as degenerate four-wave mixing" ''^ "® and optical Kerr ellipsometry^" have also 

been used to measure two-photon absorption properties. However, these are less 

commonly used than the three mentioned above, in part due to the complexity of the 

optical measurement systems involved. 

In the nonlinear transmission measurements, the transmittance of a sample 

(T=I/Iq, where I is the intensity of the transmitted beam, and 4 is the incident intensity) is 

measured as a function of input intensity. For a pure two-photon process (no linear or 

higher-order absorption processes), the transmittance can be described by 

where £ is the sample pathlength, and is the macroscopic two-photon absorption 

coefficient. /3 is related to 5, the molecular two-photon absorption cross section according 

to: 

where C is the sample concentration, is Avogadro's number, and hv is the photon 

energy, is the second order coherence as defined by"' 

(2.5a) 

(2.6) 
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which is the ratio of the time average of the squared intensity (/o(0) over the square of 

the experimentally observable averaged intensity, [1^(1))^. is equal to one only for 

single mode continuous-wave lasers, and is usually wavelength dependent for the 

sources. Additionally, measurement of outside of the sample may not reflect the 

value in the sample due to group velocity dispersion and other effects which can distort 

ultrafast pulses."^ The expression given above for the transmittance (equation 2.5a) is 

derived under conditions where the laser beam is collimated throughout the sample, and 

has a constant or "top-hat" intensity profile in time and transverse spatial distribution 

during the pulse, and where the ground state population is not depleted during the 

pulse.NLT measurements have often been employed using nanosecond (ns) laser 

pulses and frequently give very large values for 8 compared to other measurement 

methods, or to NLT performed with picosecond (ps) or femtosecond (fs) pulses. For a 

purely two-photon process, d should be independent of the pulse width of the excitation. 

The large values obtained with ns excitation are usually due to contributions of higher-

order absorption processes, such as excited state absorption from the lower energy 

excited states (e or e' in Figure 1.1) to a higher energy excited state. This process 

becomes more probable as the population in the lower excited states builds up during the 

nanosecond pulse. As transmission detection is sensitive to the total number of photons 

absorbed, all possible absorption processes at the measurement wavelength will 

contribute to the overall nonlinear decrease in transmittance giving rise to a very large 

nonlinear response that is not selective for two-photon absorption.For example, we 

can consider the case of the AF-50 molecule (structure 18 in Chapter 1) for which 5 has 

been measured by various methods. The value from ns-pulse NLT at 800 nm is 

4 f t = l  1 , 5 6 0  G M . ^ ^  I n  c o n t r a s t ,  m e a s u r e m e n t s  u s i n g  f s - p u l s e  N L T  a t  7 9 0  n m  g i v e  6 = 2 5  

and Z-scan measurements at 796 nm with fs-pulses also result in 6 = 22 GM.''® 
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The smaller values, which were obtained with the shorter duration laser pulses, are in 

better agreement with the theoretically calculated value of 56 GM at 810 nm.'^^ The 

factor of about 450 between the measured values has been ascribed to excited state 

absorption, such that 6^^ measured using ns-pulse NLT is an "effective" value that 

depends on both the two-photon absorption and excited state absorption cross sections. 

The Z-scan method is also based on transmission detection, but in contrast to the 

NLT method, the excitation beam power is kept fixed, the laser beam is tightly focused, 

and the sample is scanned along the direction of propagation of the beam (z) through the 

focus, thereby varying the intensity or photon flux experienced by the sample as a 

function of the z position. The Z-scan method was originally developed to measure the 

changes in the refractive index of solutions,and a pinhole was placed in front of the 

detector such that changes in focusing due to the nonlinear index change at high intensity 

resulted in variations of the detected intensity with z position (closed-aperture Z-scan). 

To perform nonlinear absorption measurements, no pinhole is utilized and the full 

intensity of the transmitted beam is spatially integrated with a detector of relatively large 

area (open-aperture Z-scan).The Z-scan method was originally developed for a thin 

sample so that the excitation is collimated through the sample pathlength and the 

intensity is well defined, although nethodologies for thick samples have been developed 

more recently.The Z-scan technique is sensitive to the laser characteristics, including 

power stability, spatial profile of the excitation beam, and temporal characteristics of the 

laser.As in the case of NLT, excited state and higher-order absorption can influence 

Z-scan measurements. In spite of the conceptual simplicity of the transmittance-based 

measurements discussed, these techniques pose difficulties for the determination of the 

two-photon cross sections because they are not selective for two-photon absorption 

processes. 
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The two-photon induced fluorescence (TPIF) method is the measurement 

technique used for the experiments discussed in this work. An essential advantage of 

TPIF is that one measures a signal (fluorescence intensity) that is proportional to the 

lowest energy excited state population, not the transmitted intensity. Assuming fast 

vibrational and electronic relaxation, this population is not sensitive to higher order 

absorption following two-photon absorption and is thus more selective for the two-

photon absorption processes than transmission measurements. There are several other 

advantages to fluorescence detection including: lower excitation intensities compared to 

those needed for transmission measurements decreasing the effects of photobleaching, 

the ability to spectrally filter the fluorescence from scattered excitation light via a 

monochromator or filters, and the ability to distinguish between TPA and other processes 

based on the power dependence of the fluorescence to the excitation intensity. The 

largest limitation for this technique is that it can only be used for molecules which are 

fluorescent. In TPIF, a molecule is initially excited into a two-photon singlet excited 

state from which the molecule typically relaxes rapidly to the lowest excited state (Si) 

from which emission can occur. The number of photons absorbed per unit time, in a 

two-photon process can be described as:^^ 

where C is the chromophore concentration (assumed to be constant in the absence of 

photobleaching and ground state depletion), 6 is the two-photon absorption cross section, 

V is the illuminated volume, and I is the instantaneous excitation intensity, which is a 

function of both space and time. The intensity function can be separated into two 

components = lQ[t)S{r), such that equation 2.7 can be written as: 

(2.7) 
V 

(2.8) 
y 
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where 1^(1) describes the temporal part of the intensity and S(r) describes its spatial 

distribution. The number of fluorescent photons detected, F, is 

(2.9) 

where the factor of 1/2 accounts for the fact that for every two photons absorbed, only 

one is emitted, ij is the fluorescence quantum yield, and (j) is the total collection and 

detection efficiency of the system. 

In a fluorescence based measurement, the time averaged fluorescence is 

typically detected. Substituting equation 2.8 into 2.9 and averaging over time gives: 

(f (<)> -\v'l>CSf\lM)' J  S' ( - r )dV (2.10) 
^ V 

Thus, in general, four parameters would need to be evaluated in a TPIF experiment to 

determine the two-photon absorption cross section: 1) the fluorescence quantum yield, 

which is generally assumed to be the same for one- and two-photon excitation, if 

emission is from the same excited state, 2) the collection efficiency of the detection 

system, 3) the spatial distribution of the excitation beam, and 4) 

The early methods to determine absolute two-photon absorption cross sections 

used phase matched KTP crystals'^^ or a quartz plate^® for second harmonic generation in 

a reference arm in order to determine the beam characteristics. This approach works for 

the limited wavelength ranges over which these materials are phase matchable. For the 

purpose of measuring two-photon spectra over a wide wavelength range including near 

infrared wavelengths Xu, et al}^^ used an in situ interferometric second-order 

autocorrelation measurement to characterize the second order coherence of the excitation 

beam. This method was used to study a number of commercially available chromophores 

in the Ti:Sapphire laser wavelength range (authors state 20% error on the 

measurement).^^ These data, along with measurements at shorter wavelengths for bis(o-
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methyl-styryl)benzene (BMSB) by Kennedy, et obtained using a single-mode laser 

(for which are currently being used as standards for relative measurements of two-

photon absorption cross sections. 

The two-photon fluorescence excitation spectra reported in this work were 

measured using a relative technique in which the signal from the sample (5) is compared 

with that obtained from a reference (r) compound with a known two-photon spectrum 

and a cross-section that has been well characterized. By performing a relative experiment 

in which the sample and reference compound are measured under the same conditions, 

the parameters relating to the excitation beam and the collection efficiency cancel. The 

two-photon absorption cross section can be calculated at each wavelength according to 

the following: 

^ (2.11) 

where F is the detected two-photon induced fluorescence signal. 0 is the collection 

efficiency of the experimental setup and accounts for the wavelength dependence of the 

detectors and optics as well as the difference in refractive indexes between the solvents in 

which the reference and sample compounds are dissolved (details follow). The 

references used in this work are coumarin 307 in methanol, fluorescein in pH 11 water, 

and BMSB in toluene, for which the two-photon spectra have been measured by an 

absolute method.^^'^^'^® The two-photon data for the reference compounds are shown in 

Figure 2.2. For a given molecule, the two-photon peak shape determined using any of the 

reference compounds is similar, but the magnitude of the cross sections are generally 15-

20% larger when fluorescein is used as reference instead of coumarin 307. This is likely 

due to the uncertainty in the literature 5 values for the references. In the measurements 

described in the following chapters, the intensity of the TPIF signal is checked at multiple 
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excitation energies to ensure that the data is collected in a regime where the fluorescence 

signal varies quadratically with intensity.^® 
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Figure 2.2. Two-photon absorption data for the reference compounds used in our 
experiments. The data for BMSB in cyclohexane (far left spectrum) is compiled from 
multiple sources (the data at wavelengths shorter than 690 nm are from ref. 35 and 36, 
those at longer wavelengths are from ref. 32). The central graph contains the data for 
coumarin 307 in methanol. Note that the values given are in terms of r]d and are from 
ref. 32. The data for <5 of fluorescein in water, pH 11, (spectrum on right) are adapted 
from ref. 32. For wavelengths shorter than 850 nm, the authors give more than one value, 
and their average is reported here. 

Three different set-ups for two-photon fluorescence excitation spectroscopy were 

used in our laboratory to collect the data discussed in the following chapters. One system 

(Figure 2.3) uses a nanosecond excitation source and is described in reference 24. The 

excitation source is an optical parametric oscillator (Quanta-Ray, MOPO 730), pumped 

by the third harmonic of a Q-switched Nd:YAG laser (Quanta-Ray Pro-250), with a «5 ns 

pulse duration and 10 Hz repetition rate, and is tunable over the wavelength range of 430-

690 and 730-2000 nm. The laser output passes through a half-wave plate and polarizer, 

which provide intensity control, just prior to a beamsplitter creating two arms, one of 

which is used as an intensity reference. Each arm contains a lens (^500 mm) to weakly 

focus the beam into a 1 cm cuvette containing a solution with a concentration of -IxlO"'* 

M. The beam in nearly collimated over the pathlength of the cuvette with a spot size of 

~0.16 mm^. In one arm is a solution of the sample compound, in the other a solution of a 
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reference compound which is used to compensate for fluctuations in laser intensity during 

the data collection. The fluorescence in each arm is collected perpendicular to the 

excitation beam by a collimating lens and passes through a series of short wave pass and 

calibrated neutral density filters prior to being detected by a PMT (Shimatsu, R928). The 

wave pass filters exclude stray and scattered light, and the neutral density filters are 

necessary to maintain the signal within the linear operation range of the PMT and 

amplifiers. The PMT signal is amplified (Melles Griot, model 13AMP007 gain ~100), 

and connected to a boxcar integrator (Stanford Research Systems SR250), where a «42 ns 

gate is applied, during which time the fluorescence signal is integrated and converted to 

an output voltage between 0-10 V. The output voltage is then fed to an A/D converter 

(National Instruments, BNC 2120) and the data is processed by a computer, which 

computes the ratio from the signals from the two arms. The detected signal of the sample 

(Fs) for use in equation 2.11 is the ratio of the signals from the two arms where one arm 

holds the sample, and the second the reference, and the reference signal (F,) is the ratio of 

signals where the reference compound is placed in both arms. The ratios F^ and F, are 

averaged over 200 laser pulses for each wavelength. The collection efficiency factor for 

this set-up depends on:^"* 

where n is the refraction index of the solvent, F^^g^is the fluorescence intensity at a given 

emission wavelength, A, Rpn^j- is the normalized response of the PMT at A, as was 

provided by the manufacturer, is the transmission of the ith filter at A , and the product 

is integrated over the full fluorescence band, and is normalized to the total integrated 

^PMT (A)xf]7;(A)dA 

0 = n ^ 
Yns (2.12) 
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fluorescence. The signals at each wavelength were checked for quadratic dependence on 

the excitation intensity. 

BD 

m POL BS BD 

PMT 

PMT 

Nd:YAG 

optical 
parametric 
oscillator 

(MOPO 730) 

Electronics 

Computer 

Figure 2.3. Schematic drawing of the two-photon induced fluorescence spectroscopy 
system (nanosecond pulses). Only the major optics are shown. The following 
abbreviations are used: polarizer (POL), beam splitter (BS), filter (F), half-wave plate 
(kH), lens (L), sample cell (S), reference cell (R), beam dump (BD), and photomultiplier 
tube (PMT). The thick line represents electronic cables, and the thin line represents the 
optical path. 

The second system for TPIF spectroscopy includes of a Ti:Sapphire laser 

excitation source (Tsunami, Spectra-Physics) pumped by a Nd:YV04 laser (Millenia V, 

Spectra Physics). This laser generates =85 fs pulses at a repetition rate of 82 MHz in the 

wavelength range of 710-1050 nm, with a bandwidth of =10 nm (FWHM). The optical 

set up (Figure 2.4) has been described previouslyThis is a single arm measurement 

scheme in which the laser output passes through neutral density filters to control the 

intensity (typically the intensity at the sample is below 100 mW) and is then focused into 

the sample by two lenses (~//15 focusing geometry) to give a spot size at the sample of 
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»580 ^,m^. The use of a single arm set up is justified by the fact that the output 

characteristics of the laser (power and mode quality) are quite stable over the duration of 

the experiment. The concentration of the solutions used with this system are typically in 

the range of 1x10"^ to 1x10"^ M. The fluorescence is collected perpendicular to the 

excitation beam, and is imaged onto the slit of a monochromator (Jarrell-Ash, bandwidth 

8 nm). The selected fluorescence is detected using a PMT operating in single photon 

counting mode. Short wave pass filters are placed in front of the monochromator to 

reduce scattered light from the laser. The fluorescence was detected at the same 

wavelength, for the reference and sample compounds. This greatly simplifies the 

collection efficiency factor in equation 2.11, as the single wavelength detection allows 

one to neglect of the wavelength dependence of filters, the PMT, and the monochromator 

throughput: 

The different dependence on the refractive index of the solvent compared to the case for 

the nanosecond system (eq. 2.12) is due to the different focusing geometries in the two 

experiments. For both collimated and tightly focused geometries, the solid angle of light 

that will be detected is proportional to n'^ at the detection wavelength However, for a 

focussed excitation geometry, the laser focal volume is stretched in the propogation 

direction by a factor of factor of n (at A^J without affecting the width of the beam 

waist,'^^ thus increasing the excitation volume in which TPIF can occur.^^ '^' This 

additional factor present in equation 2.13 is not necessary for a collimated excitation 

geometry, as in the ns-pulse TPIF experiment. If small dispersion of n between the 

excitation and emission wavelengths is assumed, the refractive index factor in eq. 2.13 

can be approximated by n^. The PMT signal is amplified and connected to a frequency 

F(A) 
(2.13) 
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counter for photon counting detection. The count rate was averaged for 60 seconds. It 

was verified for each excitation wavelength that the signal was obtained in the quadratic 

regime. 

Mc 

BD 

Counter 

Nd:YVO, 

PMT 

Ti: Sapphire 
(720-1050 nm) 

Figure 2.4. Schematic drawing of the two-photon induced fluorescence 
spectroscopy system based on a femtosecond laser. Only the major optics are 
shown and the following abbreviations are used: filter (F), lens (L), mirror (M), 
sample (S), beam dump (BD), monochromator (Mc), and photomultiplier tube 
(PMT). The thick line represents electronic cables, the thin line, the optical path. 

The third system used for data collection (Figure 2.5)^^ utilizes a Ti;Sapphire laser 

(Tsunami, Spectra Physics) that is amplified by a regenerative amplifier (Spitfire, Spectra 

Physics), which is pumped by a Nd:YLF laser (Evolution, Spectra Physics), to give 800 

nm, =120 fs pulses at a repetition rate of 1 kHz. The amplified beam is used to pump an 

optical parametric amplifier (OPA-800CFP, Spectra Physics), which was configured to 

give a tunable output from 600-800 nm. The OPA output was passed through two prisms 

and a 0.5 mm slit in order to filter the spectral output of the beam to -15 nm FWHM. As 
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in the previously described femtosecond system, the optical layout consists of a single 

arm set-up with the sample and reference compounds measured in series under the same 

excitation and detection conditions. The excitation beam is weakly focused to give a 

(nearly) collimated beam in the 1 cm cuvette. The concentrations of the sample and 

reference compounds were ~10'® M. The fluorescence is detected perpendicular to the 

excitation beam, is filtered using short wave pass filters, and is collected using a 

monochromator and liquid nitrogen cooled CCD (Princeton Instruments LN/CCD-1100-

PB) combination. The integrated fluorescence intensities were then used to compute the 

two-photon absorption cross sections. The wavelength dependence of the CCD detection 

efficiency was determined using dansyl hydrazine in methanol and BMSB in 

cyclohexane by comparing their one-photon induced fluorescence spectra obtained with 

the CCD and a fluorimeter. With this response function, a collection efficiency factor of 

similar form to that in eq. 2.12 is used to calibrate the acquired data. 

Ml 

-A2 

ND' 

sample 
M2 M5 

SWP 

CCD 

Nd:YV0, 

mono 

Nd:YLF OPA Regenerative 
Tiisapphire amplifier 

Figure 2.5. Schematic drawing of the two-photon induced fluorescence spectroscopy 
system based on an amplified femtosecond laser^^ The following abbreviations are used: 
mirror (M), lens (L), 0.5mm slit (S), pinhole (A), neutral density filters (ND), short­
wave-pass filters (SWP) and monochromator (mono). M3,4 act as a periscope (changing 
the polarization from vertical to horizontal) and mirror M5 directs laser beam vertically 
down through the sample cell. 
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2.5 Determination of Transition Dipole Moments 

The transition dipole moment between the ground, g, and first excited, e, states 

(MgJ can be obtained from the integrated molecular extinction coefficient for a transition 

according 

where fi=h/2ji and h is Planck's constant, c is the speed of light, is Avogadro's number 

(6.023x10^^ molecules), and e is the molar extinction coefficient (in M 'cm"') at 

wavenumber, v, in cm'\ Ideally, the integration of e is performed over the absorption 

band of a single electronic transition. is the transition energy between the g and e 

states, and it is assumed to be nearly constant over the integration range. If the 

absorption band is broad, such that this approximation is not valid, the integration should 

be of the form f(elv)dv. In the expression given, h, c, and should be expressed in cgs 

units. Mg^, however, is typically reported in Debye (D), where 1 DslxlO '® esu cm. For 

large molecules in solution, electronic absorption bands are often observed to overlap 

with one another, making it difficult to separate the contributions from the individual 

bands. In the experiments discussed in the following chapters, the tail of the lowest 

absorption band overlaps with other bands at higher energies, and so the experimental 

data is truncated at the lowest wavenumber for which contributions from more than one 

transition become significant and is then extrapolated with a straight line to the baseline 

(2.15) 
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in order to estimate the area (we assume that an error of 5-10% on the area is introduced 

by this approximation). 

The excited-state transition moment between states e and e' (M^.^.) is a key factor 

in the three-level model describing two-photon absorption for quadrupolar molecules (see 

Chapter 1). This parameter can be calculated from other experimentally determined 

parameters via the following equation which can be derived from Equations 1.5 and 1.6:^'^ 

M„, = • ge' ^MAX 
n 

(2.16) 
ge \ / 

,2 , 

4jtcoL^M^ 

where (o is the excitation frequency, L is the Lorentz local field factor (L=(n^-i-2)/3), and 

is the transition dipole moment for the g-*e transition, which was obtained using in 

eq. 2.15. In this model, the shape of the two-photon band is not explicitly introduced, 

and only the peak two-photon cross-section (6max) and Fg,., which describes the overall 

bandwidth (full width at half-maximum, typically set to 0.1 eV) are used. This value of 

Fge- is consistent with the bandwidth of many the two-photon spectra for quadrupolar 

chromophores.^'^ 
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CHAPTER 3; ONE- AND TWO-PHOTON SPECTROSCOPY OF DONOR-

ACCEPTOR-DONOR DI(STYRYL)BENZENE DERIVATIVES 

3.1 Introduction 

As discussed in Chapter 1, the magnitude of 6 for quasi-linear donor-acceptor-

donor quadrupolar molecules can be correlated to the degree of intramolecular charge 

transfer upon excitation.^'^'^^'^'* Conjugated molecules substituted with donor (D) and/or 

acceptor (A) groups in an essentially centrosynmietric pattern exhibit two-photon cross 

sections at least one order of magnitude larger than the corresponding unsubstituted 

molecules. For a given Jt-bridge and donor groups, conjugated D-A-D molecules can 

have larger (5 values than D-Jt-D chromophores because the charge transfer between the 

terminal donor groups and the Jt system of the molecule is facilitated by the presence of 

the acceptor groups.^^ 

One of the jt-bridges examined in these studies is di(styryl)benzene, which can be 

viewed as a segment of a poly(phenylenevinylene) (PPV) chain. It has been shown that 

PPV and its oligomers containing 5 rings exhibit a relatively planar conformation in the 

solid state.When substituents are present on the chain, however, the conformation 

can be substantially non-planar.Theoretical calculations indicate that the degree of 

distortion of the Jt-backbone from planarity depends on the position of the substituents on 

the chain, on the vicinity of other substituents, and on the ability of the substituents to 

participate in hydrogen bonding interactions with other atoms or groups of the system. 

The electronic coupling between the donor and acceptor substituents in a molecule with a 

non-planar backbone is effectively reduced due to the diminished overlap between the k 

orbitals of the conjugated bridge. This may impact the two-photon absorption cross 
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section because it could modify the change in the charge distribution between the ground 

and the two-photon excited state. On the other hand, it has recently been reported, on the 

basis of quantum chemical calculations, that torsional distortion from planarity of a 4-

quinopyran donor-acceptor molecule can lead to enhancement of two-photon absorption 

through increased charge localization and tuning into a "triple" resonance condition.'^® 

Additionally, calculations on bis-acceptor substituted (A-k-A) difurano-naphthyl 

chromophores indicate that S is relatively insensitive to torsions of the terminal acceptor 

group up to angles of about 50° and then decreases rapidly with increasing torsion 

angle.'"' Moreover, the position of the substituents can itself affect the two-photon 

properties of the chromophores because of the different lengths over which the 

intramolecular charge transfer can take place. 

In this chapter, the effect of the position of the acceptor substitution and the 

distortion from planarity on the one- and two-photon optical properties of a series of 

D-A-D molecules is discussed. Four molecules (Figure 3.1) have been investigated 

experimentally and are constituted of di(styryl)benzene as the conjugated bridge, 

di(phenyl)- or di(n-butyl)-amino groups as the terminal electron donors and cyano groups 

as electron acceptors substituted either on the central phenylene ring or on the a-carbon 

of the vinyl bond. As will be discussed in detail below, the molecules with the cyano 

substitution on the vinyl bond are substantially more distorted from planarity, as 

determined from X-ray crystallography, and have a smaller D-A distance than those 

substituted on the central phenylene. The following topics will be addressed: 1) the one-

and two-photon spectroscopy; 2) the vibronic bandshapes of the absorption and 

fluorescence spectra; 3) the fluorescence quantum yields and lifetimes; 4) the ordering of 

the low-lying excited states; and 5) the two-photon absorption cross sections for the 

molecules examined. Quantum chemical calculations have been performed to provide 
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insight into the effect of positional substitution and torsional distortion on the two-photon 

properties. 

Figure 3.1. 1-4: Molecular structure of the D-A-D compounds studied in this chapter. 
5-6: D-ic-D compounds included for comparison. Ic, 3c, 5c: Model compounds used for 
quantum chemical calculations. 

3.2 Results and Discussion 

3.2.1 Molecular Structure in the Crystal 

Single crystals were grown at room temperature by slow diffusion of petroleum 

ether vapor into a solution of compound 2 in chloroform or 4 in dichloromethane in a 

closed container. The complete set of crystallographic data for 2 and 4, atomic positions, 

and molecular geometric parameters are included as Supporting Information in reference 

96. Selected structural data are reported in Table 3.1. Analysis of the data and inspection 

of Figure 3.2 indicate that the central di(styryl)benzene core of both molecules are 

1: R = n-butyl 
1c: R = methyl 

3: R = n-butyl 
3c: R = methyl 

5; R = n-butyl 
5c: R = methyl 
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distorted from planarity in the solid state, but molecule 4 is distorted to a much larger 

extent. In the discussion that follows, we will use Pc to indicate the central phenylene 

ring and Pl and Pr to refer to the outer left and right rings, respectively, in the 

NO 

C8 
N1 

C7 CI 
C 5  ^ C 6  

C2 
N1 

CI 

NO CO 

Figure 3.2. ORTEP plots with 50% probability ellipsoids (non-hydrogen atoms) 
from X-ray data for 2 (top) and 4 (bottom). 

di(styryl)benzene backbone (see Figure 3.2). In molecule 4, the angle between the planes 

defined by the rings Pl and P^ is about 72°. This large distortion from planarity is partly 

due to the steric hindrance between the cyano groups and the hydrogens on the Pc and Pl 

rings. The dihedral angle C0-C3-C4-C9 is - 36° while the dihedral angle C0-C3-C2-C1 is 

- 4°, indicating that the cyano group (CO, NO) lies in approximately the same plane as the 

vinylene linkage but not in the plane of any of the rings. This strong distortion of the k-

backbone has been observed for other cyano substituted di(styryl)benzenes.'^^'^^® In the 
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case of molecule 2, the cyano groups lie in the plane defined by and there appears to 

be less distortion in the Jt-backbone with an angle between the planes of Pl and Pc of 43°. 

The vinylene linkage (atoms CI, C2, C3, and C4) is approximately planar. Another 

parameter of interest with respect to electronic and optical properties is the donor-

acceptor distance, defined here as the distance between the atom NX of the donor group 

and CO of the acceptor group, which is 6.5 A in 4 and 8.8 A in 2, and thus is 2.3 A shorter 

in 4 than in 2. The X-ray crystal structure of l,4-bis(4'-dihexyl-aminostyryl)benzene, 

which differs from 5 only in the length of the alkyl subsituents on the terminal donors has 

been obtained recently''*" and the angle between the planes of Pc and Pl was reported to 

be ~25°. This smaller torsion angle is likely due to the absence of the cyano substituents, 

however, the terminal di(alkyl)amino substituents, being less bulky and rigid than the 

di(aryl)amino ones, may also have some effect on the packing and conformation of the 

molecules. Although these data are for the molecules in the solid state, it is expected that 

even in solution the effect of steric hindrance due to the cyano substitution will be greater 

in the vinyl substituted molecules than in phenylene substituted molecules, causing 3 and 

4 to be more twisted than 1 and 2. 
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Table 3.1. Selected bond lengths, angles and dihedral angles for molecules 2 and 4, as 

obtained from X-ray crystallographic data." 

Molecule 2 Molecule 4 

Distances (A): 
C1-C2 1.463 1.462 

C2-C3 1.328 1.353 

C3-C4 1.467 1.478 

C0-C3 - 1.440 

C0-C9 1.451 -

NO-CO 1.139 1.137 

Nl-CO 8.831 6.537 

N1-C3 - 6.623 

N1-C9 9.04 -

Dihedral angles: 

C1-C2-C3-C4 +179.5° -176.4° 

C2-C3-C4-C9 -155.7° +136.8° 

C0-C9-C4-C3 +2.8° -

C0-C3-C2-C1 - -3.7° 

C0-C3-C4-C9 - -36.3° 

Angles between planes: 

Pl-PC -43° 

O <N n 

" See Figure 3.2 for the numbering and labeling scheme. 

3.2.2 One- and Two-Photon Spectroscopy 

The one-photon absorption, fluorescence, and two-photon induced fluorescence 

excitation spectra for molecules 1-4 are displayed in Figure 3.3. The corresponding 

spectroscopic parameters are reported in Table 3.2. Data for two molecules with no 

cyano substituents, 5 and 6, have been included for comparison purposes. 
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Figure 3.3. Normalized one- and two-photon spectra of D-A-D molecules 1-4 and D-Jt-
D molecules 5 and 6. The solid line is the one-photon absorption spectrum, the dashed 
line is the one-photon fluorescence spectrum. The two-photon induced fluorescence 
excitation spectra are represented by solid circles (the dotted line is only a guide to the 
eye). The two-photon spectra are plotted as a function of the total transition energy (twice 
the photon energy). 
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Table 3.2. Experimental one- and two-photon spectroscopic parameters, fluorescence 

lifetimes, and electrochemical potentials for molecules 1-6. 

1 2 3 4 5" 6" 

(nm)'' 490 475 438 440 410 411 

e (M-' cmy 6.6 X 10' 6.6 X 10' 5.4 X 10' 5.0 X 10' 7.4 X 10' 6.3 X 10' 

(nm)^ 536 528 504 510 455 457 

v' 0.69 0.87 0.003 0.015 0.88 0.93 

Tins)" 1.30 1.46 <0.015 0.074 0.94'' — 

+260 +535 +390 +630 +90 +350 

A, (nm/ 830 830 790 825 730 745 
(830) (840) (800) (825) (725) 

6 (GM/ 1750 1640 890 730 995 805 
(1710) (1890) (860) (690) (635) 

5.30 5.97 >2 2.04 8.54" 

^ N R d O ' s V  2.38 0.892 >660 134 2.13'" — 

" From references 27 and 24. 
^ One-photon absorption maximum and peak molar extinction coefficient (e). 
" One-photon fluorescence maximum. 
'' Fluorescence quantum yield ( f ] )  and fluorescence lifetime (t). The uncertainty in r ]  is 

5% for 1 and 2, and about 10% for 3 and 4. The uncertainty in ris less than 1% for 1 
and 2, and is about 10% for 4. Quantum yield measurements were performed using 
9,10-bis-(phenylethynyl)anthracene''^' as reference. The excitation wavelengths were 
430 nm for 1 and 2, 420 nm for 3 and 4, 400 nm for 5, and 350 nm for 6. 

^ Electrochemical potential vs. FcH/Fc in THE. 
^ Maximum of the two-photon fluorescence excitation spectrum and peak two-

photon absorption cross section (<5). The uncertainty in 6 is ±15%. The values in 
parenthesis refer to the fs-pulse measurements, the other to ns-pulse measurements. 
The reference compound used was fluorescein. 

^ Rate constants for radiative and non-radiative (k^) decay. 
Data taken from Chapter 4. 
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3.2.2.a One-Photon Electronic Absorption Spectroscopy 

The one-photon absorption maximum (A^bs^^') is shifted to longer wavelength 

when cyano groups are bound to the Jt-backbone, as expected for substitution with an 

electron accepting group. Specifically, the red-shift for 1 and 2 compared to 5 and 6 (80 

and 64 nm, respectively) is greater than for the molecules where the cyano substitution is 

on the vinyl groups (~ 30 nm for 3 and 4). For molecules 3 and 4, as well as 5 and 6, the 

value of is not strongly affected by the type of substituent on the terminal amino 

group (dibutyl or diphenyl), as observed previously for di(styryl)benzenes.^'^ It has also 

been reported that, in the case of molecules with a stilbene bridge, di(phenyl)amino 

substitution was observed to cause a red shift in the absorption maximum relative to 

compounds with di(butyl)amino substituents.'^ In contrast, there is a 15 nm shift to the 

blue in of 2 with respect to 1. However, the intensity distribution of the vibronic 

components in the absorption spectra of 1 and 2 is different. 

3.2.2.b Franck-Condon Bandshape Analysis 

In order to compare more quantitatively the shapes of the absorption bands of 

these compounds, a Franck-Condon analysis of the absorption (and fluorescence) spectra 

of molecules 1-6 was performed by Dr. Mariacristina Rumi^®. According to the Franck-

Condon  (F -C)  p r inc ip l e ,  f o r  t he  t r ans i t i on  be tween  the  g round  (g )  and  f i r s t  exc i t ed  ( e )  

states of a molecule, the intensity of the v'-v" vibronic component of the absorption band 

(v' and v" represent the vibrational quantum numbers for state g and e, respectively) is 

proportional to the square of the transition dipole moment between the two states, 

and the square of the overlap integral between the vibrational wavefunctions of the initial 
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and final states, (v'lv").'^' It can be shown that, for each vibrational mode and for v' = 0, 

the overlap integral can be expressed as; 

(0|v") = exp(-5/2) (3.1) 

Eq. 3.1 is derived under the assumption that the potential energy surfaces for the ground 

and excited states are parabolic, are characterized by the same vibrational frequency ((Oy), 

and have minima displaced along the vibrational coordinate by the amount The 

parameter S is usually referred to as the Huang-Rhys factor and is given by; 

S = (3.2) 
2h 

where ^ is the reduced mass of the vibrational mode.''^'^ In the above equations the mode 

index has been omitted. The parameter S is thus related to the change in geometry 

between the ground and the excited state of the molecule. 

In the room temperature absorption spectra of many conjugated molecules in 

solution, often only one or two progressions of vibronic components can be identified. 

We included only one vibrational mode in our analysis of the spectra of 1 - 6. The 

following equation was used for the fitting of the experimental absorption spectra; 

s"' ( ( £ - £ b - o - v " £ v i b f ^  
A ( £ ) -  2  e x p  jn2 v"=0 

In Eq. 3.3, the vibronic components are described by gaussian line shapes characterized 

by the same width, F, equally spaced by the amount = hco^, and with intensities 

relative to the v" = 0 band given by the square of Eq. 3.1. Eq_o corresponds to the energy 

of the transition between the v' = 0 vibronic level of state g and the v" = 0 vibronic level 

of state e. A{E) is the absorbance at energy E, and Aq is the peak absorbance of the 0-0 

vibronic component of the progression. For the fitting, we used the lowest four 

components of the progression (m = 3) and included the experimental points up to 
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energies just above the absorption maximum, in order to avoid the influence of the higher 

energy shoulder (see below). The fitting results for the absorption spectra of molecules 1 

- 6 are reported in Table 3.3 and in Figure 3.4A. The fitting curves reproduce well the 

features of the absorption spectra of molecules 1 - 4 in the region around the absorption 

maximum and at lower energies, and those of molecules 5 and 6 over the whole 

absorption band. As mentioned above, Eq. 3.1 is valid if the frequencies of the main 

vibrational mode in the ground and excited states are the same. This is not true in 

general, but the results of the fittings performed on both the absorption and fluorescence 

spectra of molecules 1 - 6 indicate that the change in vibrational frequencies is small in 

this case (see below), within the resolution of solution-phase spectra. Moreover, the 

change in the value of the overlap integral when distinct vibrational frequencies for the 

ground and excited states are introduced is relatively small for the 0-0 and 0-1 

components, which contain most of the experimental points used for the fittings. 

The F-C analysis performed on the bandshapes for 1 and 2 shows that the 0-0 

vibronic transition is the strongest component in the case of 1 (5 = 0.89). The same is 

true for 2, but the S factor is slightly larger in this case (S = 0.95), such that the absorption 

maximum is at higher energy than E'q.q. The analysis indicates that the change in 

geometry between the ground state and the excited state is larger for compound 2 than 

compound 1. The analysis also shows that Eq-o is actually very similar for the two 

molecules, in contrast to the apparent shift in 
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Figure 3.4A.Franck-Condon bandshape analysis of: the absorption spectra of 
compounds 1-6. Dashed line: experimental spectrum; dotted lines: vibronic components 
of the main absorption or fluorescence band; thin solid line: sum of the first six vibronic 
components of the main band; thick solid line; difference between the experimental 
spectrum and the fitting results (residual). 
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Figure 3.4B Franck-Condon bandshape analysis of the fluorescence spectrum of 1. 
See caption of Figure 3.4A for the line assignments. 
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Table 3.3. Results of the Franck-Condon analysis for the one-photon absorption and 

fluorescence spectra for molecules 1-6, and experimental determination of the transition 

dipole moments. 

1 2 3 4 5 6 

One-photon absorption data 

^0-0 (eV)" 2.500 2.559 2.640 2.641 2.857 2.868 

1315 1327 1227 1178 1327 1325 

r (eV)^ 0.1111 0.1162 0.1232 0.1215 0.1052 0.1108 

s' 0.886 0.948 1.725 1.600 1.406 1.359 

Area of 
band g-*e (eV)'' 0.4206 0.4435 0.5294 0.4929 0.4950 0.4936 

Area of 
band g-fie\y 0.1464 0.0854 0.1909 0.1689 0.0123 0.0269 

E^ ieWy  3.061 3.171 3.246 3.212 — — 

(D)^ 10.0 10.1 9.64 8.98 10.5 9.71 

5.38 3.80 5.40 4.91 — — 

Fluorescence emission data 

Eo.o ieW 2.327 2.356 2.475 2.437 2.724 2.714 

0), (cm-^)" 1259 1310 1408 1373 1374 1388 

r (eV)^ 0.0982 0.1023 0.1032 0.1051 0.0875 0.0888 

s' 0.636 0.630 0.714 0.646 0.874 0.818 

Two-photon absorption data 

(D)" 15.1 15.5 12.9 13.6 12.2 12.1 

£ge-l/2£ge. (eV)'- 1.04 1.12 1.26 1.30 1.33 1.37 

E^-\I2E,, (eVy 1.57 1.68 1.68 1.71 — — 

" Energy of the peak of the 0-0 vibronic component. 
^ Vibrational frequency. 
" Width of the gaussian vibronic components. 
'' Huang-Rhys factor. 
" Area of the lower-energy band (g  e ) ,  calculated as sum of the areas of the six 

lowest components of the progression obtained from the F-C analysis, and of the 
higher-energy band (residual band, g -> /) in the absorption spectra. The areas 
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reported are calculated from the spectra in Figure 3.4A where the experimental 
absorption maxima have been normalized to one. The integrated extinction 

coefficients,Je(£')<i£, are obtained multiplying these areas by the peak molar 

extinction coefficients. 
^ Energy at the maximum of the residual band (energy of the transition g -*f). 
^ Transition dipole moments (in Debye, D) for the transitions g e and g 
^ Transition dipole moments for the transition e ^ assuming a negligible 

contribution to 8 from state/(see text). 
' Energy detuning terms. 

The absorption bands for 3 and 4 are broader than for 1 and 2, as a consequence 

of larger values of S for 3 and 4(1.5<5<2), leading to a distribution of the absorption 

intensity over a larger number of vibronic components. Moreover, each vibronic band is 

wider (larger F values) for 3 and 4 than for 1 and 2, probably due to the larger degree of 

conformational disorder and resulting wider distribution of torsion angles for the 

phenylene rings in the ground state for the vinyl-substituted molecules. This finding is 

consistent with a shallower potential energy surface for the vinyl substituted molecules 

than for the phenylene substituted molecules.^''® At = 3.1 eV, 3 and 4 exhibit a clear 

shoulder in the absorption spectrum. As this shoulder is located at 0.4 - 0.5 eV higher 

energy than Eq-q' unlikely to be a vibronic component of the main band, but rather 

could be due to a transition to a higher energy excited state. Similarly, a seemingly 

weaker higher energy shoulder is visible in the absorption spectra of 1 and 2, but is not 

seen in 5 and 6. If the bands obtained from the F-C analysis are subtracted from the 

experimental absorption spectra, a residual band can clearly be seen (Figure 3.4A), with a 

maximum at 3.1 - 3.2 eV for 1 - 4 (see Table 3.3). The bandshape analysis shows that the 

relative intensities of the high to the low energy bands are comparable for 1-4, ranging 

from 0.19 - 0.36, with no clear dependence on the substitution pattern of the conjugated 

chain. In the case of 5 and 6, instead, the fitted F-C bandshape accounts for the whole 
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absorption band and no contribution from a higher lying state is visible. It should be 

noted that the positions of the residual bands in the one-photon spectra are very close in 

energy to the peaks of the two-photon spectra for 1-4. These higher energy bands in the 

one-photon spectra may be due to a transition to the lowest allowed two-photon state 

which has gained intensity by vibronic coupling or a symmetry breaking distortion, or it 

may be due to an accidental degeneracy of this two-photon state and an allowed, but 

weaker, one-photon state. In fact, such a weakly allowed one-photon state is obtained 

from quantum chemical calculations on these molecules. In the following discussions, 

the higher-lying excited state responsible for the residual band will be indicated as state/. 

The presence of a higher energy shoulder or peak (3.6 - 3.8 eV) in the absorption 

spectrum has been reported for other substituted di(styryl)bezenes,^''^"'^° but the origin of 

this band has not been clearly identified. 

3.2.2.C Band Strength of Low-Energy Electronic Transitions 

The peak extinction coefficients of the low energy bands for 1 and 2 are similar to 

those for the unsubstituted molecules 5 and 6 and are larger than the values for 3 and 4. 

However, the transition dipole moments calculated from the integrated absorption 

strengths'^" '^' of the lower energy band are similar for the molecules with and without 

cyano substitution (Mg^ = 9.0 - 10.5 D for molecules 1-6). This result is in agreement 

with what was reported by Rumi et al?'^ for D-:t-D molecules, where it was found that the 

magnitude of is primarily determined by the conjugation length and type of n:-bridge, 

rather than the donor substitution of the Jt-system. The present experimental results 

indicate that does not depend strongly on the position of the acceptor substitution. 

The quantum chemical calculations (Section 3.2.5) support this finding and also show 

that, for a given molecule, Mg^ is only weakly dependent on the torsional configuration of 
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the Jt-backbone over the range of Pl-Pc angles of = 0° - IT. The transition dipole 

moments are in the range 3.8 - 5.4 D, about a factor of two smaller than the A/g^'s. 

The values of are largest for the D-A-D molecules with di(n-butyl) amino donor 

groups (1 and 3). 

3.2.2.d Fluorescence Spectroscopy 

Similar to what is observed for the absorption spectra, the fluorescence spectra of 

compounds 1 and 2 are red-shifted with respect to 3 and 4. The fluorescence bands are 

similar in shape for molecules 1 - 4 and show some vibronic structure. A F-C analysis 

similar to the one described above for the absorption spectra was carried out for the 

fluorescence spectra of 1 - 6. In this case, Eq. 3.3 was modified as follows: F(E) and Fq, 

the fluorescence intensity at energy E and at the peak of the 0-0 vibronic component, are 

introduced in place of the corresponding absorbances, v" is replaced by v', and the sign in 

front of v' is changed. The modified Eq. 3.3 fits reasonably well the experimental 

fluorescence spectra (see Figure 3.4B for a representative example) and the fitting 

parameters are included in Table 3.3. All the spectra are 0-0 peaked (5 < 1) and the 

vibronic components have slightly narrower bandwidths than for the absorption (smaller 

r). The narrower bandwidths indicate that there is a steeper potential surface for 

torsional motions in the excited state than in the ground state. Semiempirical calculations 

(at the AMI level) with single and double configuration interactions show that this is the 

case for stilbene.'^' This is also consistent with the stiffening of the calculated ring-

torsion normal modes (librations) in the excited state with respect to the ground state for 

PPV oligomers containing 2 to 5 rings.The results of the fitting show that the Huang-

Rhys factors for the fluorescence spectra are much smaller than for the absorption 

spectra, as has been observed for other substituted di(styryl)benzenes''^® and for PPV 
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oligomers of various conjugation lengths.The same pattern has also been 

reproduced by a semiempirical quantum chemical approach in which the contributions of 

multiple vibrational modes were taken into account in the calculation of the intensity 

distribution in absorption and emission transitions of PPV oligomers.^^^ 

Several recent papers'"^®''"'^'''^' suggest that the first excited state of some 

substituted PPV oligomers is more planar than the ground state. The primary evidence to 

support this conclusion is that the vibronic structure is generally more pronounced in the 

fluorescence spectrum than in the absorption spectrum. For the molecules studied here (1 

- 4), the fluorescence spectra are all very similar in shape, which is indicative of similar 

geometries for the relaxed excited state. The presence of donor and acceptor groups on 

the Jt-backbone could lead to excited states with highly delocalized charge distributions, 

which would facilitate the planarization of the molecule upon excitation (due to stronger 

quinoid contributions to the relaxed excited-state geometry), with respect to an 

unsubstituted conjugated system. As discussed above, the absorption spectra are broader 

than the fluorescence spectra and are broadest for the vinyl substituted molecules, 

suggesting that the ground state torsional potential energy surface is relatively flat around 

the minimum for these molecules. Inspection of Figure 3.3 shows that the Stokes' shift 

(the energy spacing between and is larger for molecules 3 (2990 cm"') and 4 

(3120 cm"'), which have the cyano group substituted on the double bond, than for 

molecules 1 (1750 cm"') and 2 (2110 cm"'), with the cyano group substituted on the 

central phenylene ring. This suggests that for molecules 3 and 4 there is a larger change 

in geometry along the coordinate corresponding to the dominant high frequency 

vibrational mode in going from the ground to the excited state than there is for 1 and 2, as 

would be the case if the excited state were planar or near planar. Moreover, the energy 

differences between the £"0-0's from the fits of the absorption and fluorescence spectra are 
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larger in the molecules with di(phenyl)amino end groups than for those with di(n-

butyl)amino end groups, when the comparison is made between molecules with the same 

acceptor substitution. For example, the energy differences are 0.173 and 0.203 eV for 

molecules 1 and 2, respectively. This indicates that the solvent and low frequency 

vibrational reorganization energy is larger for the molecules containing the 

di(phenyl)amino groups, perhaps due to the rotation of the phenyl ring around the C-N 

bond. 

For all molecules, the vibronic spacings, co^, in the absorption and fluorescence 

spectra are comparable (1200 - 1400 cm"^). In the Raman spectrum of PPV oligomers, 

two strong, totally symmetric vibrational modes are observed around 1600 and 1200 

cm"\^^^ In the molecules studied here, the vibronic spacings range from being 

intermediate between the two modes of the PPV oligomers to being close to the lower 

frequency mode. Similar spacings have been observed in absorption and fluorescence 

spectra of other PPV derivatives containing up to 5 phenylene rings''*'^'"® and methoxy-

substituted di(styryl)benzenes.'''' The closeness of the values in the absorption and 

fluorescence spectra provides justification for the utilization of the overlap integral in Eq. 

3.1, which assumes that ground and excited states are characterized by the same 

vibrational frequency. 

3.2.2.e Fluorescence Quantum Yields and Lifetimes 

The position of the cyano substituents has a pronounced effect on the fluorescence 

quantum yield, t], of these chromophores. Specifically, molecules 1 and 2, as well as 5 

and 6, are highly fluorescent (rj > 0.7), while rj is drastically reduced for cyano 

substitution on the vinylene double bond (rj = 0.003 for 3, 0.015 for 4). The fluorescence 

lifetimes, t, of molecules 1 and 2 are slightly longer than one nanosecond, and are similar 
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to those for 5. In contrast, the fluorescence lifetimes for 3 and 4 are reduced to less than 

100 ps. The rate constants for radiative and non-radiative (kf^) decays can be 

estimated from the fluorescence quantum yields and lifetimes using Eq. 2.4a and 2.4b and 

are included in Table 3.2. While the values of are similar for all the molecules, 

increases by two orders of magnitude for molecules 3 and 4 relative to 1 and 2. The large 

deviation from planarity in the vinyl substituted molecules may explain the low quantum 

yield and large of molecules 3 and 4 because the torsional vibrations of the molecule 

offer fast non-radiative decay pathways. 

Similar results for r\, x, and have been reported for other classes of phenylene 

vi n y l e n e  o l i g o m e r s  i n  w h i c h  c y a n o  g r o u p s  a r e  s u b s t i t u t e d  o n  t h e  v i n y l  b o n d s  o f  t h e  n -

backbone at the carbon adjacent to the central phenylene.When the 

substitution is on the vinyl carbon closer to the extremity of the molecule, the 

fluorescence is not suppressed as strongly and the lifetime is more similar to that of the 

unsubstituted molecules, if no other substituents are present on the outer rings. 

3.2.2.f Spectroscopy in Viscous Solvents 

To investigate further the role of torsion on the fluorescence properties of the 

chromophores, molecules 1, 3, and 5 were studied in environments of different viscosity 

(§). The chromophores were dissolved in ethyl acetate, a low viscosity solvent (§ =0.423 

cP) or triacetin (1,2,3-propanetriol triacetate), a high viscosity solvent at room 

temperature (§=16 cP). Additional solvent parameters are given in Table 4.1. Poly-

(methyl methacrylate) films (PMMA), a highly rigidized environment, were doped with 

the chromophores such that torsional motion should be restricted. The films were 

prepared by dissolving PMMA and the dye (0.01 wt %) in dichloromethane. The 
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solution was placed on a 25 x 75 mm^ glass microscope slide, covered with a watch glass, 

and the solvent was allowed to evaporate. 

The absorption and fluorescence spectra of each chromophore are very similar in 

position and shape for all three environments. The fluorescence quantum yield of 5 is 

0.68 in both ethyl acetate and triacetin (Table 3.4). Similarly for 1, rj is nearly the same 

in the two solvents (0.66 in ethyl acetate and 0.65 in triacetin). In contrast, the quantum 

yield for 3 is 0.003 in ethyl acetate and 0.02 in triacetin, a more than six-fold increase in 

the viscous media. The fluorescence lifetimes, r, of all three chromophores were 

measured as described in Chapter 2 using 305 nm excitation, r increases by a small 

amount for compound 5 as the viscosity is increased (r= 1.03, 1.28 and 1.91 ns in ethyl 

acetate, triacetin, and PMMA, respectively). The changes are similar for 1 where 

r=1.83, 2.27 and 3.05 ns in ethyl acetate, triacetin, and PMMA, respectively, and change 

by a greater than ten-fold increase for 3 where the fluorescence lifetime is <0.02, 0.11, 

and 0.39 ns in ethyl acetate, triacetin, and PMMA, respectively. 

Using these data, the rate constants for radiative and non-radiative decay were 

calculated for the chromophores in ethyl acetate and triacetin. For chromophores 1 and 5, 

is slightly smaller in the triacetin than in ethyl acetate, and this can be attributed, in 

part, to differences in the refractive index for the two solvents.'^® In the case of 3, the 

uncertainty on the values in EtOAc is too large to judge if the conclusion applies. For all 

three compounds, is smaller in the more viscous triacetin. The change in is 

particularly significant in the case of 3 (a five-fold decrease) reflecting the high torsional 

mobility of this molecule. 
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Table 3.4. Fluorescence spectroscopic parameters obtained in viscous solvents." 

Molecule ri' T(ns) K (10* s-^) ^NR (10" S-^) 

1 in EtOAc 0.66 1.83 3.61 1.86 

1 in triacetin 0.65 2.27 2.86 1.54 

1 in PMMA (-0.94) ^ 3.05 (3.07) ^ (-0.2)^ 

3 in EtOAc 0.003 <0.02 >1.36 >450 

3 in triacetin 0.02 0.11 1.43 87.9 

3 in PMMA (-0.06) ^ 0.39 (1.53)^ (-24)^ 

5 in EtOAc 0.68 1.03 6.60 3.11 

5 in triacetin 0.68 1.28 5.31 2.50 

5 in PMMA (-1)^ 1.91 (5.70) ^ (-0.1)^ 

" Studies were performed in ethyl acetate (EtOAc) and triacetin solutions, and 
poly(methyl methacrylate) films. 
Quantum yield measurements were referenced against 9,10-bis-(phenylethynyl) 

anthracene^'^' with same excitation wavelengths as in the toluene experiments (Table 
3.2). 
Values in parenthesis are estimated values, see text for a full description. 

If we assume that the changes in radiative decay rate between the triacetin and 

PMMA samples are due primarily to changes in the refractive index of the media, it is 

possible to estimate the quantum yields and the non-radiative decay rates in PMMA. For 

chromophores 1 and 5, this results in s ', a significant reduction in the non-

radiative decay rate in the most rigid matrix studied, as the quantum yields of the two 

chromophores approache unity. For chromophore 3, this calculation gives =2.4x10' 

s"' in PMMA, which is a factor of four smaller than the value in triacetin, and rj =0.06 for 

the chromophore in PMMA. These results indicate that the non-radiative decay pathways 

in these molecules involve motions that are restricted as the viscosity of the medium 
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increases, consistent with a significant role of torsional mobility in the non-radiative 

decay. The results clearly show that decreases substantially, especially for 3, by 

placing the molecules in a more rigid or viscous environment. The very large effect of 

medium viscosity on for 3 as compared to 1 and 5 is also consistent with a greater 

torsional mobility in low viscosity medium for the more non-planar 3, and a more 

shallow intramolecular torsional potential for this molecule. In addition, the small 

change in the values of suggests that the nature of the excited state is not significantly 

affected by the viscosity of the medium surrounding the chromophores. We will discuss 

in Chapter 4 how other characteristics of the medium (such as polarity) effect the 

molecular photophysical properties of similar chromophores. 

3.2.2.g Two-Photon Spectroscopy 

The two-photon spectra (Figure 3.3) of the different chromophores are also 

affected by the presence and the position of the cyano substitution on the Jt-backbone. As 

in the one-photon spectra, the addition of acceptor groups to the molecule shifts the two-

photon peak to the red, with the molecules having the substitution on the phenylene, 1 

and 2, showing the largest shift relative to the unsubstituted 5 and 6. All of the two-

photon bands are somewhat narrow, with full widths at half-maximum in the range of 

0.27-0.38 eV. A discussion of the two-photon cross-sections will be addressed later in 

Section 3.2.4. 

3.2.3 State Ordering 

Electrochemical potentials were obtained by Dr. Steve Barlow using cyclic 

voltammetry, as described previouslyin tetrahydrofuran and are reported relative to 

ferrocenium/ferrocene. As previously observed for D-jt-D compounds,^'' the D-A-D 
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molecules with di(butyl)amino groups have higher energy HOMO levels than those with 

di(phenyl)amino groups. For example, the electrode potential of the half-reaction M"^ to 

M (Em+/m) is about 240 mV larger for molecule 4 than for 3. The presence of cyano 

acceptor groups reduces the donating ability of the molecules (see Table 3.2) and results 

in a lowering of the energy of the HOMO level with respect to D-jt-D chromophores. 

Comparing molecules with different positions of acceptor substitution, the E +̂zm 

potentials for molecules 1 and 3 are +260 mV and +390 mV, respectively, while the 

value for the unsubstituted 5 is +90 mV. A similar trend is observed for the 

di(phenyl)amino substituted molecules 2, 4, and 6. This indicates that the compounds 

with the cyano substitution on the vinyl bond are weaker donors than the molecules with 

the cyano substitution on the central phenylene. This is different than what was reported 

by Liu, et for chromophores analogous to 1 and 3 (or 2 and 4), but with terminal t-

butyl groups instead of terminal alkyl- or aryl-amino donor groups. In their studies, it 

was found that the compound with cyano groups on the vinyls and that with substitution 

on the central phenylene had only slightly different HOMO (and LUMO) energies. This 

can be understood as a result of a near balance of the effects of the distortion of the jr-

backbone and the influence of the electron acceptors on the HOMO energies. However, 

in the molecules studied here the HOMO energy is strongly influenced by the presence of 

the terminal donor and its coupling to the acceptor. As a consequence, when the acceptor 

is well conjugated and close to the donor group, the donor strength is diminished (the 

HOMO level would be lowered), as in the case of 3 relative to 1 (or 4 relative to 2). 

Figure 3.5 displays the one- and two-photon (e') state energies of molecules 1 - 6  

relative to the ground state. It is apparent that the spacing between the one- and two-

photon absorption maxima is much smaller in 4 (0.19 eV) than in all the other molecules 

studied here (0.27 - 0.46 eV). This can be understood as primarily due to two effects. 
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One is the shift of the e state of 4 to higher energy relative to 2, which can be related to a 

decrease in the effective conjugation length due to the non-planarity of the ir-backbone. 

The other effect is the shift to lower energy of the e' level of 4 with respect to 3 as a result 

of the presence of phenyl groups on the amino donors (as has been discussed 

previously^"^). Quantum chemical calculations, which will be discussed below in Section 

3.2.5, show similar trends and support this analysis. 

3.5 

3.0 

o; 

WD 2.5 

s 

2.0 

1.5 

Figure 3.5. Energy of the first (e) and two-photon (e') excited states. The energies of 

states e and e' relative to the ground state (g), (dashed lines) and (solid lines), 

are given by hcf?^^ and 2hcl?i^^, respectively. 

3.2.4 Two-Photon Absorption Cross Sections 

All the molecules studied here have been found to be relatively strong two-photon 

absorbers. We have obtained results^^® for the two-photon excitation maximum, 

and 5 using both nanosecond and femtosecond pulses and found them to be in good 

agreement with each other. The magnitude of 5 for the vinylene substituted molecules, 3 
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and 4 (5 = 890 and 730 GM, respectively), is substantially lower than for the phenylene 

substituted molecules (5 = 1750 and 1640 GM for 1 and 2, respectively), and is similar to 

the value for the unsubstituted molecules {d = 995 and 805 GM for 5 and 6, respectively). 

This result indicates that the position of the acceptor substitution in D-A-D molecules and 

the planarity of the Jt-system are critical and the mere presence of acceptor groups is not 

always effective in enhancing the molecular two-photon response. These results can be 

understood in terms of the distance between the donor and acceptor groups and, for the 

vinyl substituted molecules, the reduced conjugation due to the non-planarity of the ii-

backbone. 

The transition moments were obtained using equation 2.16 and are reported in 

Table 3.3 (a value of 0.1 eV was assumed for the damping factor in all cases). Unlike 

Mge, which does not vary significantly with cyano substitution, M^, is largest for 

molecules 1 and 2 (~ 15 D). As in the trends for for 3 and 4 are similar to those 

for 5 and 6(12 - 13 D). is thus the molecular parameter that is most strongly affected 

by the acceptor substitution pattern in D-A-D conjugated systems, as it was by the 

presence of donor end groups in D-:n:-D molecules. 

As discussed in Section 3.2.2.b, the two-photon state e' is close in energy to state/ 

identified in the absorption spectra of 1-4. If this were a state distinct from e', it could act 

as another intermediate state for the two-photon absorption process, in a sum-over-states 

description. In this case, the three-level description described previously is not 

appropriate and at least four states should be considered. However, even assuming ~ 

M^^., the contribution to d from state / would be almost an order of magnitude smaller 

than that from state e (and thus be comparable to the uncertainty in the measurements), 

because =5 1/2 and the energy detuning term is much larger for state/than e (1.68 
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and 1.26 eV, respectively, for molecule 3, for example). The values of reported in 

Table 3.3 were obtained neglecting the contribution from state/. 

3.2.5 Quantum Chemical Calculations'^' 

In order to better understand the effect of the ground state conformation on the 

energy and strengths of the electronic transitions, quantum chemical calculations have 

been performed by David Beljonne and Jean-Luc Bredas on the model compounds Ic and 

3c (see Figure 3.1), in which planar geometries have been imposed, and Ic' and 3c', in 

which the geometries obtained from the crystallographic data of 2 and 4, respectively, 

were used.'®" The methodology for these calculations has been previously described.^^ 

Using AMI'®' optimized geometries, the energies and transition dipole moments for 

singlet excited states were calculated by combining the intermediate neglect of 

differential overlap (INDO) Hamiltonian'®^ with a multireference double-configuration 

interaction (MRD-CI) scheme (using the Ohno-Klopman potential). The imaginary part 

of the second hyperpolarizability, y(-a);a),a),-co), was calculated using the sum-over-states 

expressions.'®^ The damping factor was set to 0.1 eV in all cases. 

For the reasons discussed previously,^' all of the calculated excited state energies 

appear to be larger than the experimental values. As a result, this approach leads to lower 

calculated values for 6, however it provides reasonable trends for a consistent series of 

molecules. The results reported here are for vertical transitions, and no change in 

geometry between the ground state and excited state has been expUcitly included. For 3c, 

two closely spaced two-photon transitions are obtained (Table 3.5). The final state at 

lower energy, e-, can be described as a charge transfer between the amino donor and the 

cyano acceptor groups, whereas the higher energy state, e^-, can be described as a charge 

transfer from the amino donors to the central phenylene ring. State is similar in energy 
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and character to the two-photon state of the unsubstituted molecule 5c. For the planar 

configuration, the overall two-photon cross section for the two closely lying states of 3c 

is intermediate to those for 5c and Ic. This trend in 6 is likely due to the shorter donor-

acceptor distance over which intramolecular charge transfer can take place in 3c 

compared to Ic. 

When the distorted conformations are considered (Ic' and 3c'), the position of the 

one-photon state is blue-shifted and the value of 6 is substantially reduced compared to 

Ic and 3c, respectively, but the energy of the two-photon state is only slightly affected. 

This shows that the planarity of the molecular configuration is very important in 

determining the magnitude of 6. It should be noted that for molecule 3c', state is no 

longer two-photon active in the non-planar conformation while state e- is only weakly 

affected by the distortion, as it involves mainly the interaction between the donor and 

acceptor groups on each half of the molecule. The d value for 3c' is much smaller than 

for Ic', consistent with the experimental observations on 1 and 3 (or 2 and 4). However, 

the calculated lvalues for Ic' and 3c' are small compared to those for 5c, while 1 and 3 

exhibit experimental <5 values that are larger by a factor of two (for molecule 1) or 

comparable (in the case of 3) to 5. This could be explained if the range of torsional 

motion for the molecules in solution is sufficiently large that conformations 

corresponding to large 6 values are sampled. 

The agreement between the calculated and experimental values is reasonably 

good, while the calculated M^^'s are substantially lower than the experimental ones, 

corresponding to the underestimation of 6. The calculated values for do not depend 

significantly on the conformation and are very similar for all cases. This substantiates the 

experimental finding that the values of are mostly determined by the type of irt-bridge 

and less so by the position of the substitution or by the conformation. In contrast, is 
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generally reduced upon distortion of the jr-backbone and for vinyl substituted 

molecules is smaller than for the phenylene substituted molecules. 

Table 3.5. Spectroscopic parameters determined by quantum chemical calculations on 

model compounds Ic and Sc." 

Molecule Eg, 
(eV) 

mge 
(D) 

1/2 
(eV) 

6 
(GM) 

mee. 
(D) 

Ic' 3.26 12.4 1.98 947 11.9 
3c' 3.28 12.7 e^: 1.90 

2.06 
e/: 174 

624 
e,': 4.5 

8.6 
5c 3.42 13.3 2.09 682 9.1 
Ic" 3.42 12.4 1.96 251 13 
3c" 3.61 11.8 e^: 1.94 

gji': no resonance 
99 6.0 

" The symbols have the same meaning as in Tables 3.2-3.3 and Figure 3.5. See text for 
definition of states and 

'' Planar conformation. 
Data for molecule 5c are taken from reference 27. 

'' Non-planar configuration (see text). 

3.3 Conclusions 

We have shown that in D-A-D type molecules, the position of the acceptor 

substitution on the conjugated bridge can greatly affect the one- and two-photon 

properties of the chromophores. From the absorption and fluorescence spectroscopy on 

the molecules studied here, we conclude that; 1) the molecules which are highly distorted 

in the ground state undergo a larger change in geometry upon excitation than the more 

planar ones, 2) all the molecules examined undergo a relatively small change in geometry 

upon emission and exhibit rather sharp features in the fluorescence spectra, and 3) these 

results are consistent with a relaxation in the lowest excited state to a somewhat 

planarized geometry which is similar for all the molecules and that this relaxed state has a 
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steeper potential for torsional motion of the rings than does the ground state. These 

conclusions are consistent with what has been described for related PPV oligomers and 

derivatives. Molecules with a large torsional distortion in the ground state undergo fast 

non-radiative decay and show small fluorescence quantum yields. Further studies on the 

relaxation processes and dynamics are needed to clarify the nature of the relaxed excited 

state. For di(styryl)benzenes with terminal amino donor groups, the two-photon 

absorption cross section is larger by a factor of two when cyano acceptor groups are 

substituted on the central phenylene than when the substitution is on the vinyl groups. 

These results have been rationalized in terms of the difference in the distance between the 

donor and acceptor groups and the degree of distortion from planarity in the ground state, 

and their effects on intramolecular charge transfer. Clearly, the interplay of the 

substituent position, electronic coupling, and torsional conformation is an important 

consideration in the design of fluorescent chromophores with large two-photon cross 

sections. 
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CHAPTER 4: SOLVENT EFFECTS THE ON ONE- AND TWO-PHOTON 

SPECTRA OF QUADRUPOLAR CHROMOPHORES 

4.1. Introduction 

4.1.1 Models of Solvatochromism 

The environment surrounding a chromophore has the ability to mediate its optical 

properties as seen in solution are generally shifted relative to than those obtained in the 

gas phase due to solvation energy effects. Similarly, the absorption and fluorescence 

spectra of molecules can be altered by solvents of different polarity. In this context, the 

polarity of the environment can give rise to solvent-solute interactions that involve the 

polarizability (a), as well as the dipole moment (]X) and higher electronic moments, such 

as the quadrupolar (Q] moment of the molecules. Specific solvent effects, such as 

hydrogen bonding, can also contribute to changes in optical properties of the solute, but 

will not be the focus of this chapter. The interaction between the solvent and solute can 

stabilize (or destabilize) the ground state and excited state energy levels and result in 

changes in the absorption and/or emission spectra. This phenomenon is referred to as 

solvatochromism. A bathochromic (hypsochromic) shift is observed when the absorption 

band is at lower (higher) energy as the solvent polarity is changed.The interactions 

between the solvent and solute are generally described by electrostatic models in which 

four types of interactions can be taken into account: 1) a dispersion interaction between 

the polarizability of the solvent molecules (s) and polarizability of the solute molecule 

(m) (a^-a^), 2) solvent dipole - solute induced dipole interactions, or the solvent Stark 

effect 3) solute dipole - solvent induced dipole and 4) dipole-dipole 

interactions Depending on the solute and solvent, some or all of these 

interactions can be present. In this range of interaction models, only interactions 1 and 2 
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are effective for solutes with no static dipole moment. However, recent studies on 

centrosymmetric chromophores®^ '®^"'® reported large solvatochromic shifts in polar 

solvents attributed to the presence of large solute quadrupolar moments, and the resulting 

solvent dipole-solute quadrupole interaction 

As an illustrative case, consider a dipolar molecule in the ground state (Sq) in 

equilibrium with the surrounding polar solvent molecules. On excitation to Sj, the 

electronic configuration of the molecule will change (in the example shown in Figure 4.1, 

the dipole moment of the molecule increases). Nuclear motions are slower than 

electronic changes, and, on excitation, the polarizability of the solvent molecules is the 

first to react to the changes in electronic configuration of the solute. On a slower time 

tjj Ui O 
W 

^•60-

^ S, 

^<0-

s- ^.*5. 

s; 

Figure 4.1. Solvatochromic scheme for a dipolar molecule in a polar solvent in which 
the dipole moment is larger in the excited state than the ground state. Sq is the 
equilibrated ground state, Sj is the excited state reached with a vertical transition, S/ 
and S/' are the relaxed excited states from which emission occurs, and Sq' is the ground 
state reached by a vertical transition from the relaxed excited state. 

scale, the solvent dipole moments will reorient to minimize the interaction energy with 

the molecule in the new electronic and geometric configuration. This results in the 
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lowest energy configuration of solvent molecules for the solute in the excited state (S,' in 

Figure 4.1)/®® In solvents of even stronger polarity, the excited state may be further 

stabilized (Si"). If the reorientation time of the solvent (typically on the order of 10 " 

seconds'^') is fast compared to the excited state lifetime of the molecule (generally 10"' 

seconds^"'), emission will take place from the fully relaxed excited state (S/) to a non-

equilibrated ground state (Sq') where the molecular conformation and solvent orientation 

is the same as in the relaxed excited state.The change in the solvation energies with 

solvent for the ground state and excited state give rise to a solvatochromic shift. 

These solvatochromic shifts can be very large for some molecules, and have been 

used to derive empirical scales of solvent polarity. These scales have been used, for 

example, to estimate the local polarity in biological systems or model membranes. 

One of the most commonly used is the Ej(30) scale, constructed by Dimroth and 

Reichardt.'^^ The £^(30) value of a solvent is based on the transition energy for the 

longest wavelength absorption band of a betaine dye in that solvent. This single 

parameter scale has had remarkable success in describing the solvatochromic shifts of a 

large number of dyes.''® Unfortunately, this scale often fails to describe solvatochromism 

in protic, hydrogen bonding solvents.'®^ '" A second scale was developed by Kamlet and 

Taft'^® to characterize solvents using multiple parameters, including terms for the 

polarity/polarizability of the solvent as well as terms for hydrogen bond donating and 

accepting strengths. This scale has described the solvatochromic shifts of a wide variety 

of solutes in protic and nonprotic solvents quite well.'®^''^'*'^" 

However, a more exact description of solvatochromic shifts is needed to 

understand the nature of the solvent-solute interactions and a number of models have 

been developed. Most of these models are based on the Onsager reaction field model 

developed in 1936 which describes the interaction between a point dipole located at the 
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center of a spherical cavity of radius a surrounded by a continuous medium with a 

dielectric constant, and refractive index, The polarizability, which describes the 

ability of an applied electric field to induced a dipole moment {Ji. = aE), can be related to 

the refractive index (n) of a bulk solution: 

ft — 1 3 / A •t\ 
2 a (4.1) 

A second macroscopic parameter, the static dielectric constant CD), was related to both 

the dipole moment and polarizability of the solvent molecules by Debye:'^' 

(4.2) 
(D + 2 3 ^ V 3 k T j  

where N is the concentration of molecules and kT is the thermal energy and the 

summation is extended over all species of molecules present. The surrounding dielectric 

material reacts to the solute molecule and creates an effective electric field which acts on 

the solute molecule. This reaction field, R, describes the electric field acting on the 

dipole moment of the solute as a result of electric displacements induced by its own 

presence and is described by: 

(4.3) 
a' 20 + 1 

Using the ideas put forth by Onsager, many treatments of solvatochromic shifts as 

functions of D and n have been developed. A description of red shifts in the absorption 

spectra of nonpolar molecules in nonpolar solvents index due to polarizability 

interactions (a^-a^) as a function of the solvent refractive was formulated by Bayliss^^^ 

A / -h "l / n'-l Av(cm ) = v-Vo= 5— —5— 
, S j t c  m I  h c a  I n  + \  

(4.4) 
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where v is the transition frequency in the solvent, and Vg is the transition frequency in the 

gas phase,/is the oscillator strength of the solute absorption band, h is Planck's constant, 

c is the speed of light, e is the electronic charge and m the mass of an electron, 

respectively. The term in parenthesis is solvent independent. This expression sucessfully 

describes the absorption shifts of molecules such as benzene in aUcane solvents.'®^ 

Nicol and Baur formulated the expression for the "solvent Stark" effect (dipole-

induced dipole) of the interaction of nonpolar solutes with polar solvents and 

successfully used it to describe the solvent shifts of the absorption spectrum of molecules 

such as napthalene and anthracene in a variety of solvents:'®"' 

,  ,  ( ' D - n ^ ) ( 2 ' D + n ^ )  
v  =  V o + B -  a ^ - a  — r T v  (4-5) 

^  '  [ n ^  +  2 ) ' D  

where B is a solvent independent constant, and are the polarizabilities of the excited 

and ground state of the chromophore, respectively. To properly describe the data, both 

dispersion and dipole-induced dipole effects were included and the frequency shift was fit 

to an expression which is the sum of equations 4.4 and 4.5. 

If the solute has a permanent dipole moment, jl ?iO, additional terms contribute to 

the shifts due to solvent reorientation. This is the case that has been studied most 

extensively. Models developed by Lippert and Mataga and McRae and Bayliss describe 

the shift in the absorption and emission spectra, respectively, as:'®^ '®® 

In equation 4.6a and b, the frequency shifts for both absorption (abs) and emission (em) 

from the gas phase values (Vq) depends on two terms. The first accounts for the 
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reorientation of the solvent dipoles due to fj.ss - lAi type interactions and the second term 

for electronic polarizability changes in the solvent due to a dipole-induced dipole (a,, 

- type interaction. is the dipole moment of the solute in the ground state and is 

the dipole moment in the excited state. The larger the change in the dipole moment of the 

solute on excitation, the larger the expected shift of the spectra. These expressions 

include functions of both the dielectric constant, F(©), and refractive index, F(n^), of the 

solvent and are in one of two forms. One form used in the Lippert'^^ and Mataga 

derivations'^' of equations 4.6 and is of the form: 

A slightly different form is found in the McRae-Bayliss formalism'^^ of equations 4.6: 

= (4.8) 

where x is either © or n^. The different term in the denominators for equations 4.7 and 

4.8 is due to different assumptions about the relationship between the polarizability and 

the cavity shape, where a = aMn the first, and a = a^H for the latter. The second, electric 

polarizability, term in equations 4.6a and 4.6b is the same for absorption and emission 

and so the Stokes' shift of the molecule depends on only the orientational polarizability 

of the solvent and a constant that is independent of the solvent polarity: 

^abs-'^em = ' [^(®) " )] + COnSt. (4.9) 

The above expressions have been used to describe the solvatochromic shifts of molecules 

in different solvents, and also to determine excited state dipole moments.'®^ ''" There 
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have been many modifications for example, to extend these expressions to include 

elliptical cavities. 

A recent extension to the expression given in equation 4.9 was introduced to 

describe solvent effects in quadrupolar chromophores. For molecules in which the 

charge distribution can be approximated by a double dipole moment, large 

solvatochromic shifts have recently been observed and these cannot be accounted for 

only by polarization contributions.®®'®^'®^'® The solvatochromic shifts of these 

molecules can be described by:'™ 

which is very similar in form to that for dipolar solutes. The magnitude of the 

solvatochromic shift depends on the change in magnitude of the quadrupole moment of 

the molecule on excitation from the ground to the excited state. 

4.1.2 Research Objectives 

The description of the solvatochromism of the one-photon absorption in 

centrosymmetric donor-acceptor substituted molecules is still in the early stages of 

investigation. One objective of this work is to study the effect of solvent polarity on the 

linear absorption and fluorescence properties of quadrupolar chromophores of the type 

we have been studying. It has been shown in a limited number of studies that the one-

photon excited and two-photon excited fluorescence spectra are the same for molecules 

of either D-A-D®^ or D-A"^ type substitution which exhibit large solvatochromic shifts, 

which substantiates that emission takes place from the same state regardless of the 

method of excitation for these molecules. There have been no studies of the two-photon 

absorption properties of chromophores as a function of solvent polarity have been 

(4.10) 
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published to date. A second objective of this research is to investigate the effect of 

solvent polarity on the two-photon absorption spectra of quadrupolar chromophores. 

Solvent polarity provides an external perturbation which can alter the electronic structure 

and degree of intramolecular charge transfer in the chromophore, which, even without 

synthetic modification, may allow for tuning of the two-photon absorption cross section 

of a chromophore. Changes in solvation energy could result in a shift of the two-photon 

band in polar solvents compared to nonpolar solvents. In addition to the effects of the 

changes in energy, the transition dipole moments may be altered by the solvent, resulting 

in changes in d. Studies of the solvent effect on the two-photon properties of 

chromophores are critical in applications such as two-photon microscopy where the 

chromophores can experience different environments depending on their location in the 

samples. 

In this chapter, the one- and two-photon spectroscopy of three quasi-linear 

quadrupolar chromophores have been investigated in a number of solvents. All three 

SB 

OSB 

CN-DSB 

Figure 4.2. Structures of the chromophores discussed in this chapter. 
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molecules have dibutylamino donors as the terminal groups (see Figure 4.2). 

Chromophore SB is a symmetrically substituted D-Jt-D stilbene molecule, DSB is a D-n:-

D distyrylbenzene, and CN-DSB is a D-A-D type chromophore with a distyrylbenzene 

backbone and cyano acceptor groups. All three molecules possess quadrupolar electric 

moments, with SB having the smallest quadrupolar moment, CN-DSB the greatest, and 

DSB intermediate. The optical properties of these chromophores were studied in a series 

of solvents of different polarities (see Table 4.1) and are reported on in this chapter. All 

of the solvents used were spectrophotometric grade. The following data will be 

presented: the linear absorption and fluorescence spectra, fluorescence quantum yields, 

lifetimes, and radiative and non-radiative decay rates, and two-photon spectroscopic 

properties. The experimental data will be discussed in terms of the solvent reaction field 

models discussed in section 4.1.1 and the three-level model for two-photon absorption. 

Table 4.1. Parameters of solvent polarity." 

Solvent ( D  n  17 I*' i  (cP) 

n-Hexane 
(HEX) 

1.890 1.375 0.009 0.300 

Toluene 
(TOL) 

2.380 1.496 0.099 0.560 

Ethyl Acetate 
(OAC) 

6.080 1.372 0.228 0.423 

Triacetin 
(TRA) 

7.11 1.430 - 16.0 

Tetrahydrofuran 
(THF) 

7.520 1.405 0.207 0.456 

Acetone 
(ACE) 

21.01 1.359 0.355 0.306 

Acetonitrile 
(ACN) 

36.64 1.344 0.460 0.369 
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Dimethylformamide 
(DMF) 

38.25 1.431 0.404 0.794 

Ethanol 
(EtOH) 

25.3 1.361 0.654 1.07 

Ethylene Glycol 
(GLY) 

41.4 1.432 0.790 16.1 

" Listed are the dielectric constant CD), refractive index n, and viscocity (^) of the 

solvents at 25° C"", as well as the empiracle solvent parameter, taken from 
reference 175 where the Er(30)value for water is normalized to 1 

4.2 Results 

4.2.1 Linear Absorption and Fluorescence Spectra 

The normalized linear absorption spectra of the three dyes in selected solvents are 

shown in Figure 4.3. Spectroscopic data for the full set of solvents is given in Table 4.2. 

In any given solvent, the absorption maximum occurs at longer wavelengths for DSB 

compared to SB due to the extended conjugation length of the Jt-system. The addition of 

acceptor groups shifts the absorption maximum of CN-DSB to even longer wavelengths. 

The absorption spectra for all three chromophores show moderate changes in solvents 

with different polarity. The absorption maximum of SB shifts to the red by only 6 nm in 

DMF compared to toluene. The absorption band of SB shows vibrational structure which 

is 0-1 peaked (the v'-v" vibronic component of the absorption band where v' and v" 

represent the vibrational quantum numbers for state g and e, respectively) in all of the 

solvents studied, and is somewhat broadened in the polar solvents. The molar extinction 

coefficient, e, of SB varies by less than 10% in the different solvents, where the smallest 

value was obtained in toluene. In the absorption spectrum of DSB, there is a 14 nm shift 

in the peak wavelength between the solvents studied. The DSB absorption spectra are 0-

1 peaked, although the vibrational structure is less pronounced than for SB and the 0-0 

band becomes stronger in the more polar solvents. The molar extinction coefficient 
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varies by a little more than 10% for these molecules, but there is no clear trend with 

solvent polarity. For the CN-DSB molecule, there is only a 12 nm shift in the absorption 

maxima for the different solvents with a similar variation in E as observed for DSB. 

However, there are changes in bandshape between solvents where the spectrum in hexane 

has vibrational structure that is 0-0 peaked, whereas in polar solvents only one broad 

band can be observed. 
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Figure 4.3. Normalized absorption spectra of a) SB, b) DSB, and c) CN-DSB in n-
hexane (dot-dashed line), ethyl acetate (dotted line), and acetonitrile (solid line). 
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The effect of solvent polarity on the fluorescence spectra of the three 

chromophores is significantly greater than for the absorption spectra (Figure 4.4). For all 

three chromophores, the fluorescence spectra show vibronic structure in the nonpolar 

solvents that is 0-0 peaked. As the solvent polarity increases, the fluorescence spectra are 

red-shifted and become less structured. In addition, the fluorescence quantum yield, r], is 
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Figure 4.4. Normalized emission spectra of a) SB, b) DSB, and c) CN-DSB in n-
hexane (dot-dashed line), toluene (solid line with crosses), ethyl acetate (dotted line), 
acetone (dot-dashed-line with circles), and acetonitrile (solid line). 
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smaller in polar solvents relative to nonpolar solvents for DSB and CN-DSB, although 

there is not clear trend in 77 for SB with solvent polarity (Table 4.2). The changes in the 

fluorescence properties are smallest in SB and largest in CN-DSB. For SB, the 

fluorescence band retains some vibronic structure even in DMF. The peak shifts by 23 

nm going from hexane to DMF, and the quantum yield varies by ~10%. In DSB, changes 

in the vibronic structure of the fluorescence band accompany a 71 nm red shift of the 

peak maxima. The quantum yield decreases by 30% from 0.81 in hexane to 0.59 in 

acetonitrile. The effect on CN-DSB is even larger, with a red shift of 127 nm in the 

fluorescence maximum. The fluorescence quantum yield drops significantly from 0.68 in 

toluene to 0.12 in acetonitrile. 
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Table 4.2, Linear spectroscopic data. 

System a (Dfl 
Aabs e  K  ri' Vabs- v„ 
(nm) (10' M' 

cm^> 
(D) (nm) (cm-^) 

SB HEX 368 4.8 9.24 397 0.80 1985 

SB TOL 375 4.5 8.88 410 0.87 2276 

SB OAC 372 4.7 9.37 409 0.82 2432 

SBTHF 374 4.7 9.24 410 0.90 2348 

SB ACE 375 4.9 9.81 416 0.82 2628 

SB ACN 376 4.9 9.60 418 0.80 2672 

SB DMF 381 4.9 9.61 420 0.85 2437 

DSB HEX 401 8.7 11.06 436 0.81 2002 

DSB TOL 412 7.6 10.51 455 0.80 2294 

DSB OAC 408 8.3 11.23 464 0.68 2958 

DSB ACE 410 8.4 11.20 495 0.64 4188 

DSB ACN 411 8.2 11.26 507 0.59 4607 

DSB DMF 415 7.7 11.13 507 0.60 4373 

CN-DSB HEX 479 d  d  498 0.59 796 

CN-DSB TOL 486 6.6 11.63 533 0.68 1814 

CN-DSB OAC 481 1 2  12.27 565 0.66 3091 

CN-DSB THF 485 l A  12.55 566 0.62 2951 

CN-DSB ACE 483 7.5 12.55 605 0.52 4175 

CN-DSB ACN 483 7.6 12.78 625 0.12 4704 

CN-DSB DMF 491 6.9 nil 625 0.27 4367 

° One-photon absorption maximum, and peak extinction coefficient, e. 
'' Transition dipole moment calculated from equation 2.15. 

Fluorescence maximum, A^, and quantum yield, 77, measurements were performed 
using the following parameters: SB, X^^=350 nm, reference 9,10-
(diphenyl)anthracene in cyclohexane (17= 0.93);^'^ DSB, Ag^=400 nm, CN-DSB, 
Ag^=430 nm reference 9,10-bis(phenylethynyl)anthracene (77= 0.93)."' The 
uncertainty in t] is 5-10%. 

'' This value was not measured due to low solubility. 
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The frequency shift of the peak of the fluorescence spectra and the Stokes' 

shift (Vjbs-VgJ of all three molecules in the solvents studied are well correlated (r =0.98) 

to the Et^ parameter of the solvent (see Figure 4.5a for the fluorescence case). The shifts 

in absorption and fluorescence can be tested against the solvatochromic models, which 

have been modified for quadrupolar chromophores, as described in Section 4.1.1. No 

quantitative information can be extracted as these models should formally be applied to 
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Figure 4.5. Position of the emission band as a function of solvent polarity for SB 
(circles), DSB (squares), and CN-DSB (triangles). Open symbols are data in toluene, if 
excluded from the fit. a) Data plotted versus parameter; b) data fit to the Nicol-Baur 
model (eq. 4.5); c) fit to the Lippert-Mataga model (eq. 4.6b). 
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the 0-0 transition frequencies rather than the peak maxima as done here. However, these 

models can give useful qualitative information as to what type of interactions are 

involved in the solvatochromic shifts observed in Figures 4.3 and 4.4. The Nicol-Baur 

model, which describes type interactions but neglects the effect of QJ,eq. 4.5), did 

not describe the changes in fluorescence emission spectra in polar solvents as well as 

other models, particularly for CN-DSB (r =0.88) which has larger quadrupolar moment 

(Figure 4.5b). Fitting the fluorescence shifts to the Lippert-Mataga equation 4.6b gave 

excellent results (r > 0.95) as shown in Figure 4.5c. The fitting of the Stokes' shift to 

equation 4.10 gives slightly better correlation (r > 0.97). Using the McRae-Bayliss 

polarity functions of equation 4.8 gave very similar results to those obtained using 

equation 4.7. In a number of these fits, the data points for toluene deviated from the 

behavior in the other solvents. This has been observed in other studies as well^®^ and is 

likely due to the aromatic nature (strong polarizability) of this solvent. The ability to 

describe the changes in fluorescence maxima using traditional electrostatic models 

suggests that the quadrupolar moment of the chromophore is coupled to the solvent 

dipole moments and that reorganization of the solvent due to the new reaction field is an 

important factor in the shifts in transition energy for emission. 

4.2.2 Fluorescence Lifetimes, Radiative, and Nonradiative Decay Rates 

The fluorescence lifetime, r, of the three compounds were measured as described 

in Section 2.3, and the results in a number of solvents are given in Table 4.3. The 

lifetime of SB increases slightly (~15%) in the most polar relative to the least polar 

solvent. The increase in T for DSB in polar solvents is slightly larger with a 40% increase 

in acetonitrile (1.26 ns) compared to hexane (0.90 ns). A different effect is observed for 

CN-DSB, where the lifetime is 0.97 ns in acetonitrile and 1.33 ns in toluene. All of the 
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decays measured are mono-exponential. It is informative to see how the changes in rj 

and T in various solvents affect the radiative (^r) and non-radiative decay rates (^^R) 

the three compounds (Table 4.3). 

Table 4.3. Fluorescence Lifetimes, Radiative, and Non-radiative Decay Rates 

System T k  "  "•NR 
L calc d  
'^R 

(ns) (10« s-1) (10® s"^) (10« s ' )  

SB HEX 1.24 6.47 1.62 6.17 

SB TOL 1.28 6.80 1.02 6.23 

SB OAC 1.34 6.13 1.35 5.92 

SB ACN 1.41 5.67 1.42 6.11 

SBDMF 1.44 5.90 1.04 5.58 

DSB HEX 0.90 9.01 2.11 6.81 

DSB TOL 0.94 8.54 2.13 6.45 

DSB OAC 1.03 6.59 3.10 5.89 

DSB ACN 1.26 4.69 3.26 4.76 

DSB DMF 1.28 4.70 3.13 5.15 

CN-DSB TOL 1.33 5.11 2.41 4.80 

CN-DSB OAC 1.83 3.61 1.86 4.02 

CN-DSB THE 1.85 3.35 2.34 3.96 

CN-DSB ACN 0.97 2.06 8.25 3.08 

CN-DSB DMF 1.07 2.52 6.82 3.23 

" Fluorescence lifetimes, r. The uncertainty in ris less than 5% . 
'' Radiative decay rate constant, calculated from experimental parameters {rj and T) 

according to equation 2.4a. 
' Non-radiative decay rate constant, calculated from experimental parameters 

according to equation 2.4b. 
'' Radiative decay rate constant, calculated from the Strickler-Berg relationship given 

by equation 4.12. 
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For the SB chromophore, both and decrease slightly as the solvent polarity 

increases, decreases significantly in polar solvents for both DSB {k^ = 8.54 and 4.69 

xlO^ s"' in toluene and acetonitrile, respectively) and CN-DSB (^r = 5.11 and 2.06 x 10® 

s"' in toluene and acetonitrile, respectively). The fractional change in ^r with solvent 

increases with the strength of the quadrupole moment of the chromophore. The radiative 

decay rate has been shown for many chromophores to be dependent on the square of 

refractive index of the solvent.'^®'^'® After correcting the experimental values in Table 4.3 

for the differences in the solvent refractive index, ^r still shows a decrease with 

increasing solvent polarity for DSB and CN-DSB. For SB, in contrast, the rate constant 

for radiative decay does depend on the square of the refractive index. A deviation from 

the expected refractive index dependence has been observed for other (D-A-D') 

chromophores in polar solvents.^'® 

The Strickler-Berg relationship'®^ allows the calculation of the radiative decay rate 

of a chromophore based on its steady-state absorption and fluorescence spectra, under the 

assumptions that the lowest energy absorption transition is strong, and that only small 

displacements from the equilibrium geometry occur upon excitation: 

where n is the refractive index, v is the transition frequency (cm"'), E(V) is the molar 

extinction coefficient (M 'cm"') at frequency v , the integral is extended over a single 

electronic transition band in cm ', and 

is a weighted mean value of the fluorescence band. The authors estimate that this 

expression predicts k^ to within 10% of the experimental values when the above 

(4.12) 

(4.12b) 
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assumptions are valid. The values calculated using expression 4.12 are included in Table 

4.3 (the integration is performed over the full absorption band). The values of do 

not show a square dependence on the refractive index for DSB and CN-DSB, but do 

show an dependence for SB, in agreement with the experimental values. As the 

integrated absorption transition strength does not vary with solvent polarity is 

reported in Table 4.2), the results indicate that the changes in the radiative decay constant 

with solvent polarity are due primarily to the changes in the frequency of the emission 

transition for DSB and CN-DSB (eq. 4.12b). For SB, the rates obtained using the 

Strickler-Berg relationship are within 10% of the experimental parameters. For DSB, the 

calculated values in nonpolar solvents are lower by ~20% than the experimental values, 

but two determinations are within 10% in DMF and acetonitrile. The Strickler-Berg 

predictions for the rate constant for the radiative decay of the CN-DSB chromophore are 

also lower than experimentally determined values in nonpolar solvents, but is within 10% 

for in toluene and ethyl acetate, is higher by 30% in DMF and 50% in acetonitrile 

than the experimental parameters. In the case of the CN-DSB chromophore, band shape 

analysis of the absorption spectrum in toluene'® has shown that a shoulder on the high 

energy side of the main absorption band is due to a transition to a higher lying excited 

state. This transition has not been separated in the integration used for the calculations 

here, and, depending on the solvent properties of this higher energy transition, could 

affect the Strickler-Berg calculations for this molecule. 

The rate constant for non-radiative decay remains relatively constant for SB in the 

various solvents studied. In general, is larger for DSB and CB-DSB than for SB, 

which may reflect the larger number of torsional degrees of freedom in the former, that 

can provide additional pathways for non-radiative decay, k^^ increases slightly for DSB 

in polar solvents is 2.13 and 3.26 x 10^ s"' in toluene and acetonitrile, respectively) 
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and a large increase is observed in for CN-DSB in polar solvents with the value in 

acetonitrile being more than three times that of the dye in toluene, for DSB and CN-

DSB increases in a monotonic way with albeit with different slopes 

4.2.3 Two-Photon Absorption Spectroscopy 

The two-photon induced fluorescence emission spectra of CN-DSB in «-hexane, 

toluene, acetone, and acetonitrile are consistent with those obtained using one-photon 

excitation and provide evidence that the emission is from the same excited state 

regardless of the mode of excitation. This similarity in emission spectra with one- and 

two-photon excitation in different solvents has been observed previously both for 

asymmetric molecules"^ and symmetrically substituted molecules.®^ Representative two-

photon induced fluorescence excitation spectra are shown in Figure 4.6. The peak two-

photon cross sections in all solvents are given in Table 4.4. The data for SB was obtained 

using nanosecond (ns) pulses and bis(o-methyl)styrylbenzene (BMSB)^^'^® as reference 

standard as described in Chapter 2. The data for DSB was measured using both 

nanosecond and femtosecond laser pulses. The reference standards used are as follows: 

BMSB and fluorescein at X, < 750 nm for ns excitation; coumarin 307 and fluorescein for 

femtosecond (fs) excitation (X. > 710 nm). The lack of data points between 690 and 720 

nm in the spectra of DSB (Figure 4.6c) is due to the fact that the laser systems used for 

these experiments are not tunable over this range. Two-photon data on CN-DSB was 

obtained using fs laser pulses and coumarin 307 and fluorescein as references. All of the 

points shown in Figure 4.6 exhibited a quadratic dependence of the fluorescence intensity 

with excitation power. 
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Figure 4.6. Two-photon induced fluorescence excitation spectra of a) SB, b) DSB, and c) 
CN-DSB in solvents of various polarity. The symbols describe the following spectra: 
toluene in solid circles, THF in open squares, ethyl acetate in open diamonds, acetone in 
closed squares, acetonitrile in open down-pointing triangles, and DMF in open up-pointing 
triangles. The lines are only a guide to the eye. The data was obtained using fs pulse 
excitation and coumarin 307 as a reference for CN-DSB and DSB (k > 720 nm) and with 
ns pulses and BMSB reference for SB and DSB ((k < 720 nm). The error on the cross 
sections is estimated to be ~15%. 
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Table 4.4. Two-photon spectroscopic data for quadrupolar chromophores in solvents of 
various polarity. 

System 6" Mj £ge-l/2jBge' 

(GM) (D) (eV) 

SB TOL 190 4.88 1.24 

SB THF 160 4.61 1.25 

SB ACE 140 4.30 1.26 

SB ACN ^ - - -

SB DMF 190 4.72 1.22 

DSB HEX 380 7.74 1.35 

DSB TOL 510 8.04 1.26 

DSB OAC 550 8.77 1.29 

DSB ACE 490 8.31 1.28 

DSB ACN 750 10.38 1.27 

DSB DMF 770 9.55 1.24 

CN-DSB TOL 1220 10.14 0.99 

CN-DSB OAC 1260 11.23 1.05 

CN-DSB THF 1670 12.10 1.03 

CN-DSB ACE 1920 13.54 1.04 

CN-DSB ACN 2050 15.54 1.04 

CN-DSB DMF 2510 13.07 0.99 

" Two-photon absorption cross section at excitation wavlengths of 610 nm (SB), 720 
nm (DSB) and 810 nm (CN-DSB). Reference compounds are BMSB for SB and 
coumarin 307 for DSB and CN-DSB. The data referenced against fluorescein show 
the same trends and magnitudes of changes as those of the data here, however the 
magnitudes of <5 for each solvent are ~'15-20% higher probably due to uncertainty in 
the 8 values for the references reported by Webb.^^ 

* Transition dipole moment M^. calculated from equation 2.16. 
A quadratic response to the excitation intensity could not be obtained, see text for 
details. 
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The two-photon excitation spectra for SB are reported in four solvents. A 

quadratic response to the excitation power could not be obtained for SB in acetonitrile, 

and this issue will be discussed later in this section. The peak position of the two-photon 

absorption band does not show an energy shift in the range of solvents (within the 10 nm 

resolution of the experiment) and is located at 605 nm. The peak two-photon absorption 

cross-section for SB does not show a clear trend with empirical solvent polarity scales. 

However, as shown in equation 1.5, the expression for the two-photon absorption cross 

section contains terms that depend on the refractive index of the medium:^' 

S  = n^td '  (4 .13)  

where 8 is the "observed" cross section, and 5' is the cross-section "in vacuum" but the 

molecule still retains the same nuclear and electronic configuration as in the solvent. L is 

the Lorentz local field factor expressed as L = Taking into account this solvent 

term, 6' is constant (within the experimental error) for SB in the solvents studied. This 

is consistent with the observed cross sections for SB being higher in toluene and DMF (6 

=190 GM), which have larger n, than in acetone and THE ((5~150 GM), which have 

smaller values of the refractive index. 

For the DSB chromophore, any potential shift in the two-photon transition energy 

cannot be experimentally ascertained due to the gap in available excitation wavelengths. 

The DSB chromophore has a two-photon absorption maximum between 690-720 nm, at 

longer wavelengths than for SB due to the longer conjugation length of the 7t-backbone. 

For CN-DSB, as for SB, there is no shift in energy of the two-photon band. The TPA 

peak of  CN-DSB occurs  a t  ~810 nm,  which is  in  a  good wavelength  range for  

applications in biological imaging. For both DSB and CN-DSB, there are significant 

changes in the observed cross section with solvent polarity. In particular, 8 increases as 
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the solvent polarity increases. 6 for DSB increases from 510 GM in toluene to 770 GM 

in acetonitrile, an increase of a factor of 1.5. The changes in d for CN-DSB are even 

larger as the solvent polarity is increased and the cross section in acetonitrile (2050 GM) 

is nearly twice that in toluene (1220 GM). Unlike the SB case, the refractive index term 

does not account for the changes in magnitude of the two-photon cross section for these 

molecules, and increases the relative change in magnitude of 8. The measured cross 

sections (6) for DSB and CN-DSB correlate reasonable well with the parameter 

(Figure 5.7a). The changes in the magnitude of 6 can also be described by the Nicol-

Baur  model  g iven by in  equat ion 4 .5  (Figure  5 .7b) .  Similar  resul ts  were  obta ined for  6 ' ,  

in which the local field factor is taken into account. This suggests that the change in the 

two-photon absorption cross section is correlated to changes in the difference of the 

excited state and ground state polarizability of the molecule induced by the polarity of the 

solvent. 
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Figure 4.7. Evolution of 6 to a) parameter and b) to the Nichol-Baur parameter for 
SB (circles), DSB (squares), and CN-DSB (triangles). 
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Also of interest are the transition dipole moments between the ground and one-

photon states (Mge, Table 4.2) and one- and two-photon states obtained from the 

one- and two-photon absorption spectra, and the detuning term Table 4.4) In 

the three-level description of d, which is described in Chapter 1, 6 is proportional to the 

product of square of each of the transition moments and changes in the energy levels of 

the states (see equation 1.8). is calculated according to equation 2.15 and is related to 

the integrated band strength of the one-photon transition. The changes in this parameter 

for a given chromophore with solvent polarity are small, generally less than 10%. 

Previous studies have shown that varies by small amounts with the donor strength of 

the substituent and is mostly dependent on the type of n-bridge.^'^ The small variations in 

Mgg in different solvents is consistent with this earlier work, and suggest that in the range 

of solvents investigated, the nature of the Jt-system has not been significantly altered. 

The detuning energy has a relatively small dependence on the polarity of the solvent and 

changes by less than 0.1 eV for each of the molecules. 

A/gg. is the parameter most strongly affected by the solvent polarity in the three-

level approximation. For SB, (calculated according to equation 2.16) changes by 

only ~ 0.5 D as both 6 and e do not vary significantly with solvent polarity. There are, 

however, solvent dependent changes in for DSB and CN-DSB where for DSB, 

is 2.34 D larger in acetonitrile than toluene. In the case of CN-DSB, the change in M^, 

between toluene and acetonitrile is 5.4 D. For these two chromophores, the changes in 

the excited state transition moment do not correlate to refractive index terms, but do 

correlate to the polarity parameter, as was the case for 8. It has been observed in 

other studies on quadrupolar chromophores^'^ that is sensitive to changes in the donor 

and/or acceptor strength of the substituents and the degree of intramolecular charge 

transfer in the species. The strong effect of solvent on this parameter suggests that polar 
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solvents have the ability to modulate the intramolecular charge transfer in the substituted 

di(styryl)benzene molecules which leads to larger values of the two-photon absorption 

cross sections relative to the nonpolar solvents. 

In addition to modifying the magnitude of the two-photon absorption cross 

section, an additional effect of polar solvents on the two-photon properties of the 

chromophores was noted. For each sample, the intensity dependence of the fluorescence 

signal on excitation energy was determined. The excitation power at which deviations 

from the quadratic response (pure two-photon signal) of the fluorescence signals become 

observable was much lower in polar solvents than nonpolar solvents when using 

nanosecond pulse excitation (Figure 4.8, inset). The excitation energy at which the signal 

departs from quadratic dependence will be referred to as the deviation threshold. This 

deviation threshold energy has a linear relationship with the orientational polarizability of 

the solvent (see Figure 4.8 for the case of SB). For femtosecond excitation, the intensity 

dependence was quadratic in all solvents up to the highest powers available (400 mW). 

One possible explanation for this behavior involves an excited state process that affects 

the number of molecules that are in the emitting state, such as photoionization or 

intersystem crossing from a higher excited state. Excited state processes become more 

probable as the excited state population becomes non-negligible, such as is possible when 

as the duration of the excitation pulse is similar to the excited state lifetime. If this is the 

case, the solvent dependence of the deviations from quadratic behavior could be 

explained if the excited state process becomes more probable due to the changes in the 

energies of the levels and tuning into resonance of the higher order absorption as the 

solvent polarity increases. 
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Figure 4.8. Relationship between the threshold intensity of SB and the orientational 
polarizability of the solvent with ns pulse excitation. Inset shows the normalized 
fluorescence signal dependence on excitation intensity. The circles are for data in 
toluene, the triangles for data in dimethyl sulfoxide (DMSO) and the solid line 
indicates quadratic behavior. Similar behavior is observed for DSB and CN-DSB. 

4.3 Discussion 

The linear spectroscopic data for the quadrupolar molecules presented here are 

consistent with the scheme presented in Figure 4.1. The strength of the absorption 

spectra are modulated to a small degree by the solvent. As was discussed in Chapter 3,®^ 

changes in the relative intensities of the 0-0 and 0-1 vibronic components of the 

absorption spectra can be related to changes in the ground state geometry along a 

vibrational coordinate. From this excited state, which has a higher degree of 

intramolecular charge transfer than the ground state, the system undergoes relaxation, 

including solvent reorganization, to minimize the energy of the new electronic 

configuration of the molecule. 
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The nature of the relaxed excited state for molecules which exhibit large 

solvatochromic shifts has been the subject of a substantial amount of research. It is 

debated whether the relaxation involves only the evolution of the Franck-Condon (FC) 

state in the new reaction field, or whether a new state is strongly stabilized in polar 

environments to become the lowest excited state. The most common example of the 

second type of relaxation pathway involves formation of a twisted intramolecular charge 

transfer (TICT) state'®®'^°° which has been hypothesized to apply to a large number of 

donor-acceptor molecules. TICT states are formed from relaxation from the FC state to a 

new state in which a twisted conformation is preferred whereby portions of the 

chromophores are perpendicular to each other and full charge separation occurs. For 

these molecules in nonpolar solvents, emission is from the relaxed FC state, which is the 

lowest excited state. The TICT state is generally strongly stabilized in polar solvents, 

where it can become the lowest excited state from which emission occurs. Often 

molecules which have TICT states exhibit dual emission from the relaxed FC state and 

from the TICT state in moderate polarity solvents. The two states (relaxed FC and TICT) 

usually have very different fluorescence lifetimes, and, in the case of a non-emissive 

TICT state, very different decay rates for radiative and nonradiative decay. TICT states 

have been identified in chromophores which contain amino donor groups (via rotation 

about the amine carbon-nitrogen bond)^"''^""^ and molecules containing stilbene 

backbones, in which the two phenyl rings twist to become perpendicular to each 

other.^°^'^°^ It is known that rrans-stilbene undergoes isomerization in the excited state via 

a "phantom state" with perpendicular geometry^°®'^'° and that the barrier to rotation can be 

solvent dependent.^" 

Alternative descriptions of the relaxed excited state for dipolar molecules include 

rehybridization of the acceptor group leading to strong intramolecular charge transfer 
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(RICT states),and planar excited states in which the nitrogen donor groups become 

less pyramidal (PICT states).Other models rely on changes in a vibrational 

coordinate to describe the changes in absorption and fluorescence spectral position as 

well as bandshape in polar solvents.^'^'^'® It is not uncommon for the same data set to be 

described using more than one of these models.^'^'^'^ 

It was discussed in Chapter 3 that for CN-DSB in toluene, the relaxed excited 

state is likely to be more planar than the ground state based on the FC distribution of the 

emission spectra.®® Hoewever, this does not exclude a torsional change that occurs on 

relaxation that is more favorable in polar solvents than in nonpolar solvents which could 

lead to a different electronic configuration. For the Lippert-Mataga relationship to hold, 

the dipole moment of the molecule in the excited state (or by extension, Q^), should 

be the same in all of solvents (which excludes large geometric changes) such that the 

changes in transition energy are due only to the solvent orientational polarity interacting 

with fixed solute molecular moments. In fact, molecules that are believed to have TICT 

states show discontinuities in their Lippert plots as the relaxed FC and TICT states have 

different dipole moments and solvent dependent shifts.As the solvatochromic 

shifts of the chromophores described here can be described by the Lippert-Mataga 

equation, it appears that the relaxed excited state has a similar quadurpole moment in 

nonpolar and polar solvents. Additionally, the Strickler-Berg relationship for the 

calculation of the radiative decay rates is vaUd for molecules in which there are no large 

geometric changes in the excited state. If a TICT state were present (in a would coupling 

regime), one would expect that the calculated and experimental values would be similar 

in low polarity solvents, and there would be a strong deviation in polar solvents once the 

new state became the lowest excited state. In the case of SB, the calculated Strickler-

Berg radiative rates agree quite well with the experimental ones and change with the 
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square of the refractive index of the solvent, suggesting that the nature of the excited state 

is not strongly effected by the solvent polarity. For DSB, the agreement between the 

calculated and experimental values is more similar in the polar solvents than in the 

nonpolar solvents. The calculated and experimental values for CN-DSB deviate strongly 

in the polar solvents, however, the possible contribution of two transitions to the 

integrated absorption makes this result difficult to interpret, although, by inspection, the 

higher energy transition should have a small contribution. 

It is clear from the absorption and emission spectra of DSB and CN-DSB that 

there is a large change in geometry prior to emission in polar solvents as evidenced by the 

large increase in the Stokes' shift with solvent polarity. In order to explore the role of 

torsion in the excited state, additional experiments were performed in which large scale 

torsional motions in the chromophores are hindered. If a second state characterized by 

large distortion of the conjugated bridge is responsible for the red shift in the emission 

spectrum in polar solvents, and the decreased quantum yields, blocking this path should 

result in an emission spectrum that is more similar to that of the chromophore in nonpolar 

solvents. 

For chromophores such as /?-dimethylamino-benzonitrile in which the existence 

of a TICT state has been suggested, and which contain a dialkylamino donor group, it is 

believed that the torsion often occurs around the bond between the nitrogen and the first 

carbon in the conjugated backbone.^"''^"^'^^" In derivatives with a julolidine group instead 

of a dialkylamino donor group, this torsional motion is blocked. We have investigated 

the effect of this hindered motion on the optical properties of julolidine analogues of 

chromophores SB, DSB, and CN-DSB. The fluorescence spectra and molecular structure 

of the julolidine DSB analogue (j-DSB) are shown in Figure 4.9. The same trends in 

absorption and fluorescence were observed for this molecule, in which the nitrogen 
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Figure 4.9. Normalized emission spectra of a julolidine derivative of the DSB 
chromophore (j-DSB) in toluene (solid line with crosses), acetone (dot-dashed line 
with diamonds) and acetonitrile (solid line). 

donors are no longer free to rotate, as in the unhindered DSB. Specifically, this 

chromophore exhibited small shifts of the absorption maximum (not shown), large red-

shifts of the fluorescence maximum, and a decrease in the fluorescence intensity as the 

solvent polarity is increased. The spectra are slightly red-shifted compared to the DSB 

chromophore as the julolidine groups is a stronger donor than the dibutylamine moiety. 

This could also be responsible for the fact that the shift in the fluorescence spectra of j-

DSB between toluene and acetonitrile (73 nm) is even larger than that for DSB. The poor 

solubility of the julolidines did not allow the measurement of the extinction coefficients 

and two-photon spectra. The results for j-DSB suggest that isolated torsion about the 

amine bond is not the source of the changes in the fluorescence spectra. 
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If a TICT state exists for these chromophores, it would involve torsions along the 

Jt-bridge. To investigate this possibility, the linear optical spectra of SB, DSB, and CN-

DSB v^as investigated in solvents of higher viscosity in which the barrier to torsional 

motion of the phenyl rings should be significantly higher. Two high viscosity solvents (§ 

=16 cP) were chosen: triacetin, which has a very similar polarity to ethyl acetate, and 

ethylene glycol which is more polar (see Table 4.1). In order to separate viscosity effects 

from potential specific solvent effects due to the interaction between the chromophores 

and the protic alcohol, the experiments were also conducted in ethanol. The data are 

summarized in Table 4.5. 

Protic solvents, such as alcohols, can cause large changes in the optical spectra of 

chromophores due to hydrogen bonding effects. The optical properties of the 

chromophores in this work show somewhat different behavior in ethanol compared to 

other polar solvents. There is a slight blue-shift of the absorption spectra in ethanol 

compared to that in polar solvents such as acetonitrile, for all three molecules. The 

fluorescence spectrum of SB is at lower energy in ethanol than any other solvent, and the 

vibrational structure is completely obscured. For the DSB and CN-DSB chromophores, 

the fluorescence band is blue-shifted in ethanol compared to acetonitrile, but are similar 

in position to those in acetone. The fluorescence quantum yield of SB in ethanol is lower 

(^7=0.64) than measured in the other solvents, but for DSB and CN-DBS, rj in ethanol is 

similar to the values in acetonitrile (0.68 and 0.11, respectively). The fluorescence 

lifetimes measured in ethanol for SB and DSB are similar to those obtained in polar 

solvents (~1.3 ns) however, for CN-DSB, r =480 ps, a factor of two smaller than in 

acetonitrile. The non-radiative rate constant for CN-DSB in ethanol is an order of 

magnitude larger than measured in any other solvent, and suggests that there is a specific 

solvent effect of ethanol on the chromophores. 
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Table 4.5. Spectroscopic data obtained in viscous solvents. 

System J (1) 
Aabs 

(nm) 
K 

(nm) 
V T 

(ns) (10" s"^) 
^NR 

(10" s') 

SB OAC 372 409 0.82 1.34 6.13 1.35 

SB EtOH 371 428 0.64 1.30 4.94 2.78 

SB TRIA 376 415 0.78 1.68 4.63 1.31 

SBGLY 377 433 0.56 1.43 3.93 3.09 

DSB OAC 408 464 0.68 1.03 6.59 3.10 

DSB EtOH 405 489 0.68 1.21 5.60 2.64 

DSB TRIA 412 All 0.68 1.28 5.32 2.50 

DSB GLY 414 510 0.70 1.42 4.91 2.11 

CN-DSB OAC 481 565 0.66 1.83 3.61 1.86 

CN-DSB EtOH 488 612 0.11 0.48 2.28 18.4 

CN-DSB TRIA 488 579 0.65 2.27 2.87 1.54 

CN-DSB GLY 494 626 0.05 0.71 0.70 13.4 

" The symbols are as previously defined, 
same conditions as in Table 4.2. 

The quantum yields were obtained under the 

The optical properties of the chromophores in ethyl acetate and triacetin are not 

significantly different. The absorption and fluorescence spectra of all three 

chromophores are slightly red-shifted in triacetin compared to ethyl acetate, probably due 

to the higher refractive index of that solvent. The fluorescence quantum yields are nearly 

identical in the two solvents but t is larger in triacetin for all three chromophores. The 

resulting decrease in the radiative decay rate in triacetin is significant, around 20% for all 

three chromophores compared to ethyl acetate. For SB, in the two solvents is identical 

whereas for DSB and CN-DSB, decreases by ~20% in triacetin. 
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For SB and DSB, the optical properties of the chromophores in ethylene glycol 

are similar to those in ethanol. A small red-shift in the absorption and fluorescence 

maxima is observed in ethylene glygol. However, the quantum yields, lifetimes, and 

radiative and non-radiative decay rate in ethanol and ethylene glycol are all very similar. 

For CN-DSB, the quantum yield in ethylene glycol is half that in ethanol, and x is nearly 

twice as long. This results in a factor of three decrease in the radiative rate constant. The 

non-radiative rate, however, decreases by about 10%. The observation that the optical 

properties of SB and DSB in triacetin and ethylene glycol are quite different suggest that 

the change in the relaxed excited state is affected more by the polarity than the viscosity 

of the solvent. The viscosity of the solvents used in these studies may be too low to 

significantly hinder torsional motions of the phenyl rings in the chromophore, in the case 

where the barrier is small. Using the Debye-Stokes'-Einstein equation'^' to estimate the 

rotational diffusion time (\=V^/kT, where V is the molecular volume (spherical 

molecules), k is the Boltzmann constant, and T is temperature) of benzene in 16 cP 

viscosity media acts as a model for the case where there is no barrier to torsional motion, 

and gives a value of 27 ps, which is a value faster than the fluorescence lifetimes of the 

chromophores of interest. 

The data obtained in the viscous solvents overlap very well with the Lippert-

Mataga plot for the molecules in non-viscous solvents (Figure 4.10) which supports the 

role of solvent polarity in the shift of the fluorescence spectra, even in viscous media. 

There are some perturbations in the optical properties obtained in the viscous solvents 

compared to non-viscous solvents, as exhibited by the changes in radiative and non-

radiative decay rates, and there are clearly differences in these rates in the protic solvents, 

suggesting that there is some degree of hydrogen bonding interaction between the solute 

and solvent. Based on the above results, it is unlikely that TICT states, which would 
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require large scale geometry changes in the chromophore, are being formed. However, 

the role of torsional coordinate being responsible for changes in the optical spectra in 

polar solvents cannot be excluded. The effect of the viscosity of the solvent is much 

stronger in the CN-DSB chromophore in which the quadrupole moment is strongest. 

Further experiments are needed to provide information on the nature of the relaxed 

exci ted  s ta te  geometry  for  D-A-D type molecules  in  polar  solvents .  

Figure 4.10. Position of the emission band as a function of solvent polarity, for SB 
(circles), DSB (squares), and CN-DSB (triangles). The closed symbols are fit using the 
Lippert-Mataga model (eq 4.6b) The crosses are the data in toluene, and are excluded 
from the fit. The data using open symbols are the data intriacetin, ethanol, and 

ethylene glycol are superimposed. 

Changes in the magnitude of the two-photon absorption cross section with solvent 

polarity have been reported for the first time. There have been a number of theoretical 

papers in the literature which suggest that the chromophore environment may modulate 

the two-photon absorption cross section. Most of the theoretical work involves placing 
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the molecule in an electric field to simulate the reaction field induced by polar solvents. 

The electric field modulates the polarization and intramolecular charge transfer in the 

ground state of the chromophore. Nearly all of the computational studies predict, that at 

some point, the two-photon absorption cross section will no longer increase with the 

increase in the electric field, and will maximize (see, for example, Figure 1.3).^"'^^"^' This 

optimization in the two-photon absorption response to solvent polarity has not been 

experimentally observed in this work. However, it cannot be excluded that this type of 

behavior could occur for solvent polarities outside the ranges considered here. Agren, et 

al.^^ reported that for an asymmetric donor-acceptor substituted polyene molecule, 

saturation of 8 would occur at © > 60. For the range of dielectric constants measured 

here, the calculations still predict a monotonic increase in d, as observed experimentally 

for DSB and CN-DSB. In one of the few calculations performed on a quadrupolar 

chromophore (a D-A-D stilbene), Zojer, et predicted that the two-photon cross 

section has a maximum when the molecule is moderately polarized and then rapidly 

decreases with additional polarization (Figure 1.3). The calculations were analyzed in 

terms of the three-level model and the evolution of the transition dipoles and energy 

terms were calculated as a function of the applied quadrupolar electric field. It was found 

that Mgg increased slightly as the ground state polarization was increased, and that 

initially gets larger as the polarization is increased, reaches a maximum and decreases. 

The experimental data in this study is consistent with the theoretical results in the low 

polarization regime in which there is a small change in an increase in M^^., and an 

increase in 6 as the solvent polarity is increased. 
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4.4 Conclusions 

The quadmpolar chromophores studied here exhibit large solvatochromic shifts in 

solvents of varying polarity due to either direct quadrupole-dipole interactions or from 

solvent molecules interacting with local partial charges on the chromophore. The data 

are not conclusive in assigning the geometry of the relaxed excited state. However, 

experiments performed in viscous media indicate that solvent polarity is a key factor in 

determining the position of the emission spectra and the emission dynamics even in the 

viscous environments studied. The energy of the two-photon absorption transition does 

not change, but the magnitude of the two-photon absorption cross section does increase 

with solvent polarity, probably due to enhanced polarization of the chromophore in a 

polar environment. The two-photon induced fluorescence is the same as the one-photon 

induced fluorescence, indicating that emission takes place from the same excited state. In 

the solvents studied, a saturation of 6 with solvent polarity, expected from theoretical 

calculations, was not observed. In a three-level model description, the transition dipole 

moment between the one- and two-photon states (M^) shows the largest changes with 

solvent polarity, whereas is fairly constant in the various solvents. The magnitude of 

the effect of the solvent on the linear and non-linear properties of the chromophores 

studied increases with conjugation length and presence of acceptors on the 3t-backbone, 

that is, as the molecular quadrupole moment increases (CN-DSB > DSB > SB). 

Understanding the changes in spectral position and transition probability of these 

chromophores is critical for the development and application of new chromophores in 

biological imaging and other applications of two-photon absorption . 
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CHAPTER 5: TWO-PHOTON ION SENSING CHROMOPHORES 

5.1 Introduction 

5.1.1 Principles of Ion Sensing 

The ability to detect quantitatively ions and small molecules is important for 

biological, medical, and environmental applications. Fluorescence detection offers low 

limits of detection and, hypothetically, can be performed without isolation of the analyte. 

Fluorescence sensing can be based on changes in emission wavelength, intensity, or 

lifetime. A large number of fluorescence based sensor molecules and detection schemes 

for ions of biological interest (H"", Li"", Ca^^, Mg^"", Na"", K"", etc.) and environmental 

interest (Cs^^, Pb^^, Zn^^, Hg^"^, etc.), as well as for small molecules (glucose, ATP, CO2, 

O2, etc.) have been developed.The term "sensor" generally refers to the entire 

system or device involved in the detection of the analyte, including the excitation source, 

the signaling molecule and matrix, the optical system, and detector. This chapter will 

focus specifically on fluorescent, analyte responsive molecular or supra-molecular 

systems, which can be referred to as "molecular sensors", which exhibit changes in their 

optical properties in the presence of an analyte of interest.'® The effectiveness of a 

molecular sensor can, in part, be described by a sensitivity figure of merit. Sensitivity is 

related to the change in detected signal or optical response with respect to analyte 

concentration in the concentration range of interest. Ideally, this response should be 

linear with concentration of the analyte, however, for many molecular sensors, 

equilibrium reactions create a strong deviation from linearity. Sensitivity related issues 

for the molecules studied will be discussed in the following data sections. 
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The optical changes that occur with the interaction of the molecular sensor and 

the analyte of interest can be caused by many mechanisms. One group of molecular 

sensors is based on quenching of the fluorescence of the molecular sensor by the analyte. 

This is a common strategy for measuring oxygen concentrations. An example of such 

sensors are Re(II) complexes, such as [Re(l,10-phenanthroline)3]^'', in which the excited 

state of the transition metal complex undergoes a bimolecular collision with molecular 

oxygen to produce singlet O2 via energy transfer.^^^ This quenching process reduces both 

the intensity of the emission and the lifetime of the chromophore. A second group of 

molecular sensors involves a reaction of the sensor and analyte in either the ground or 

excited state to form a new species with different optical properties. An example of such 

molecules is fluorescein and its derivatives, such as 2',7'-bis(carboxyethyl)-5-

carboxyfluorescein,^^® which are used for pH (proton) sensing. In this case, the various 

protonated and unprotonated versions of the chromophore have different fluorescence 

properties. 

A third group of molecular sensors involves covalent attachment of a fluorophore 

to a receptor group which has an affinity for the analyte of interest. The research 

described in this chapter has focused on this class of molecular sensors, with an emphasis 

on sensing of metal ions. This approach offers flexibility in that the fluorophore can be 

chosen for its photophysical properties, and the receptor can be chosen for its ion binding 

properties, allowing for a combinatorial approach to molecular sensor discovery. The 

two parts of the molecular sensor can be separated by a spacer group or can share atoms. 

The changes in the optical properties of the fluorophore when the analyte is bound to the 

receptor can result from perturbations in photoinduced processes such as charge transfer, 

energy transfer, and excimer formation or disappearance. 
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Figure 5.1.1. Photoinduced electron transfer as a scheme for ion sensing. 
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Figure 5.1.2. Photoinduced intramolecular charge transfer as a scheme for 
ion sensing. 

Two of the most common photophysical mechanisms responsible for changes in 

the optical properties of the fluorophore-receptor molecular sensor on ion binding are 
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photoinduced electron transfer (PET) and photoinduced intramolecular charge transfer 

(PCX). In the photoinduced electron transfer case (Figure 5.1.1), the chromophore 

highest occupied molecular orbital (HOMO) level is lower in energy than the receptor 

HOMO when the receptor is in the unbound state. When the chromophore is excited, one 

of its electrons is transferred from the HOMO to the LUMO (lowest unoccupied 

molecular orbital). Then, a receptor electron can fill hole in the chromophore HOMO, 

causing a quenching of the fluorescence of the chromophore. If the energy of the 

receptor HOMO shifts to sufficiently lower energies when the receptor binds an ion, the 

electron transfer becomes unfavorable, and the chromophore retains its fluorescence. 

The PET scheme gives rise to "off-on" molecular sensors because of the large changes in 

fluorescence intensity that can occur with ion binding. The electron transfer scheme can 

also be reversed so that the sensor is fluorescent in the unbound state and becomes non-

fluorescent in the bound state if the receptor HOMO becomes higher in energy on ion 

binding. 

A scheme for changes in optical properties of the chromophore by photoinduced 

intramolecular charge transfer (PCT) is shown in Figure 5.1.2. When a fluorophore 

which contains an electron donating group conjugated to an electron accepting group is 

excited, there is partial intramolecular charge transfer between the donor and acceptor 

groups. If a receptor group is coupled to the fluorophore, the presence or absence of an 

ion can modulate the amount of intramolecular charge transfer in the ground and excited 

states. Depending on how strongly the ion binding affects the energies of the HOMO and 

LUMO, changes in the optical properties between the bound and unbound states can 

occur. For example, when a receptor binds a cation, the electrons of the donor can be 

either influenced by or directly involved in the binding and the donor strength can 

reduced such that the degree of ICT is reduced (or enhanced if the receptor is coupled to 
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an acceptor group). This usually results in a blue shift of the absorption spectrum 

(assuming that the molecule is not zwitterionic). Molecular sensors in this class often 

exhibit changes in the quantum yield and lifetime, but these are generally smaller than the 

changes in fluorescence properties in PET type sensors. The advantage to the PCT 

scheme is that the shifts in the absorption and/or emission spectra between the bound and 

unbound species allow for a ratiometric detection scheme as described in the following 

section. 

5.1.2 Ion Imaging 

Imaging the concentrations of ions and their spatial distribution in biological 

systems at rest and with stimuli is of great interest in understanding, for example, signal 

transduction. Magnesium ions (Mg^"^) are important in mediating enzymatic reactions^^' 

and calcium is the universal second messenger in cells.^^° Ratiometric detection can be 

performed for molecular sensors in which the absorption and/or fluorescence bands shift 

on ion binding^"^ and has become a powerful technique for imaging the spatial 

distribution and concentration of ions in biological samples. The chromophore is either 

excited at two different wavelengths and monitored at a single emission wavelength, or, 

more commonly, excited at one wavelength and monitored at two different emission 

wavelengths. The ratio of the two emission signals can be related to the ion 

concentration in a similar way to that for single wavelength measurements, but provides a 

measurement that is normalized for the dye concentration. In a single wavelength 

measurement, changes in the emission signal are directly related to the changes in ion 

concentration, and are prone to error due to fluctuations in the fluorophore concentration. 

In contrast, ratiometric measurements provide an internal calibration of the molecular 

sensor concentration which is not necessarily constant during the measurement due to 
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leakage of the dye from the cell, photobleaching, or non-uniform distribution of the dye 

throughout the cell or between different cells. Additionally, this method reduces the 

effect of variations in other experimental factors which could affect accurate the 

measurement of ion concentrations, such as variations or fluctuations in excitation 

intensity, pathlength, and detection efficiency. 

Two-photon absorption is a very powerful method for three dimensional imaging 

in biological systems, including the area of ion imaging. In two-photon laser scanning 

microscopy (TPLSM), the ability of two-photon absorption to access excited states with 

photons of half the nominal excitation energy provides improved penetration in cell 

cultures and tissue specimens, which are scattering, and reduces the background due to 

cellular autofluorescence since the photons are detuned from resonance with native 

chromophores. The dependence of the two-photon absorption probability on the square 

of the excitation intensity allows for excitation of chromophores with a high degree of 

spatial selectivity in three dimensions.^® Currently, fluorophores, including ion sensing 

dyes, which have been developed for single photon excitation are being used for 

TPLSM.^^'"^^"^ Many of these conventional fluorophores have small values of the two-

photon absorption cross section (6), 10 GM) and are excited at wavelengths shorter 

than the optimal range for biological imaging between ~800-1500 nm. 

A few studies have been performed on the two-photon absorption properties of 

molecular ion sensors and are described here. The chromophores calcium orange, 

calcium green-1, and calcium crimson are commercially available from Molecular 

Probes, Inc. and exhibit different fluorescence intensities in the bound and unbound state 

due to photoinduced electron transfer in the unbound form. These molecules have the 

strongest reported two-photon action cross sections (rid) for ion sensing molecules with 

rj6 in the range of 1-30 GM in the unbound form in the range of 800-900 nm. With 
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addition of calcium ion, r]8, the two-photon induced fluorescence signal (t] is the 

fluorescence quantum yield), for these three molecules, increases to 50-100 GM.^" The 

addition of calcium does not change the shape of the spectra, and the authors state that 

the ratio of the fluorescence intensity between the bound and free forms is the same for 

one- and two- photon excitation. This suggests that the observed changes in rjd on ion 

binding are due primarily to changes in the fluorescence quantum yield between the 

bound and unbound forms, and is consistent with the PET type of sensing scheme. Indo-

1, a widely used probe for intracellular calcium measurements using ratiometric detection 

(a PCT type sensing scheme), has a two-photon maximum at s 700 nm, which is at the 

edge of the Ti:Sapphire laser range, and at somewhat shorter wavelength than one would 

like to use for imaging cellular media. At 700 nm, the value of r]d was measured to be 

k4.5 GM in the low calcium regime, and =1.2 GM in the high calcium case.^^ Taking 

into account the variations of the fluorescence quantum yield (assuming that r] is the 

same for one- and two-photon excitation), one would infer that 5 = 12 GM in the 

unbound form and is reduced to 2.1 GM in the high calcium regime. This indicates that 6 

can be modified by the binding of calcium ions for this dye. A second dye, Fura-1, which 

shows changes in the one-photon absorption spectrum due to changes in PCT with ion 

binding, also exhibits changes in the shape of the two-photon action spectrum. At 700 

nm, r]6 of the bound and unbound species are the same (~10 GM), and at longer 

wavelengths, ~775 nm, the signal in the presence of calcium is ~20 times less than that of 

the free species.^'' However, these studies are very limited and, although the two-photon 

excitation spectra for these molecules are reported, no insight into how the ion binding 

event alters the electronic configuration of the chromophore to result in changes in the 

two-photon absorption is discussed. This information is essential for the design of two-

photon absorbing molecular sensors. 
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5.1.3 Research Objectives 

The utility of TPLSM could greatly benefit from the development of 

chromophores with large <5 (>1000 GM) which can be excited at long wavelengths (800-

1000 nm) that are functionalized for ion binding. To achieve that goal, several issues 

need to be addressed including studies on how the receptor influences the two-photon 

spectra of the chromophore, how the chromophore affects the ability of the receptor to 

bind ions, and how ion binding effects the two-photon properties of the molecule. As a 

first step to understanding these issues, a strong two-photon absorbing chromophore has 

been covalently linked to two different types of ion binding receptors with the aim of 

creating a two-photon molecular sensor for metal ions. In this chapter, the optical 

properties of these new molecules are discussed. The two-photon chromophore chosen 

was CN-DSB (Figure 5.3.1), which possesses a large two-photon cross section (d = 1750 

GM in toluene) at the peak wavelength of 830 nm.®^ The spectroscopy of this dye has 

been described in detail in previous chapters (see Chapters 3 and 4) The ion binding 

group, either a monoaza-15-crown-5-ether (Section 5.2) or a BAPTA ligand (Section 

5.3), is attached to the chromophore such that the nitrogen atom acts as both an electron 

donor for the conjugated system of the chromophore and as part of the ion binding group. 

Upon binding a metal ion, the linear absorption, fluorescence, and two-photon spectra of 

the chromophore are altered. We attribute the observed behavior to a decrease in the 

intramolecular charge transfer once the nitrogen lone pair of electrons are involved in ion 

binding and not available to the Jt-system, as discussed in the following sections. These 

molecules also provide study of how external perturbations can potentially modulate the 

two-photon properties of the chromophores. In addition, studies of this type allow the 

assessment of a D-A-D' design motif for two-photon excitable molecular sensors. 
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5.2 Molecular Sensors Based on Aza-crown Ether Substituted Two-Photon 

Chromophores 

5.2.1 Background 

Crown ether macrocycles are ligands that are commonly used to bind alkali and 

alkaline earth metal ions. Generally, crown ethers are not specific for a particular ion, but 

have the ability to bind a range of various cations. The strength of the binding of ions by 

crown ethers is related to the diameter of the ion compared to the size of the macrocycle. 

Crown ethers can be covalently bound to chromophores where one of the coordinating 

atoms of the crown may also be a part of the chromophore and can be perturbed by the 

binding of an ion. The charge density of the ion can effect the magnitude of the optical 

changes associated with ion binding, where ions with higher charge densities can perturb 

the intramolecular charge transfer (ICT) of the chromophore more strongly. The oxygen 

atoms in the crown can be substituted with "soft" heteroatoms in order to bind soft metal 

ions, such as zinc, more strongly.^^^ Attachment of the 1,4,7,lO-tetraoxa-13-

azacyclopentadecyl ligand (monoaza-15-crown-5-ether) to numerous chromophores have 

been reported, as have examples of the effect of cation binding on the spectral properties 

of the chromophores. Many of these examples consist of one macrocycle connected to 

the n:-system of the dye in such a way that the binding of an ion affects the ICT in the 

chromophore.^^^'^''° Bis-crown substituted molecules have also been studied, which 

typically are designed such that the two macrocycles (either aza-crowns or benzocrowns) 

cooperatively bind larger ions in a sandwich configuration.There are also reports of 

bis-crown complexes in which each crown individually coordinates an ion.^"^^"^^^ 
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CN-DSB 

Figure 5.2.1. Molecular structures of monoaza-crown-ether substituted dyes. 

In this section, the optical properties of three molecules are discussed (Figure 

5.2.1) in which one or two monoaza-crown-ether macrocycles are attached to a two-

photon chromophore such that the nitrogen atom of the crown could either act as an 

electron donor for the conjugated system or take part in the ion binding. The first 

chromophore is a control dye based on a donor-acceptor-donor substituted 

distyrylbenzene (CN-DSB), previously studied in our laboratory (Chapter 3 and 4) and 

shown to possess a large two-photon absorption cross section,'® but which lacks a crown-

ether ion binding functionality; the second molecule has the same donor-acceptor-donor 

structure and Jt-backbone but has been substituted with an monoaza-15-crown-5-ether 

group at one terminal position (CRl); and the third chromophore has been symmetrically 

substituted with two crown ether moieties, one at each end (CR2). These molecules will 

be used to investigate how one-photon absorption and two-photon absorption properties 

are affected by ion binding, and what underlying molecular properties are connected to 

these optical changes, as well as the molecular photophysics associated with ion binding. 

This information will be useful in assessing the design motif of substituted donor-
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acceptor-donor type chromophores as molecular sensors. The objectives of these studies 

are to measure and assess the suitability of the changes in optical properties with ion 

binding for molecular sensors. In the sections that follow, we will address: 1) the linear 

absorption spectroscopy, 2) the determination of the binding constants for magnesium 

ions, 3) the fluorescence quantum yields and lifetimes, and 4) the two-photon 

spectroscopic properties of the chromophores in acetonitrile. 

5,2.2 One-Photon Electronic Absorption Properties 

The dye containing no crown ether groups (CN-DSB) exhibits an intramolecular 

charge transfer absorption maximum (A at 482 nm in acetonitrile and has a molar 

extinction coefficient (s) of 7.6x10'' M"'cm"' (see Figure 5.2.2 and Table 5.2.1). 

Substitution of a monoaza-15-crown-5-ether group for one or two of the dialkylamino 

donor groups leads to a slight blue shift in the absorption spectra of CRl and CR2 (A 

is 468 nm and 472 nm, respectively), suggesting that the aza-crown ether group is a 

slightly weaker donor group than the dialkylamino group. The peak extinction 

coefficients for the macrocycle containing chromophores are slightly lower than for the 

unsubstituted molecule (e =6.8x10'^ and 7.2x10"^ M"'cm"^ for CRl and CR2 respectively). 

The transition dipole moment from the ground state (g) to the first excited state (e), 

(calculated according to eq. 2.15) is similar for all three chromophores and is in the range 

of 12.2-12.6 D. 

The addition of magnesium ions to CN-DSB (Figure 5.2.2a) results a small 

decrease in the extinction coefficient to 7.3x10'* M"^cm"' at high Mg^^ concentration, but 

there is essentially no change in the shape or position of the band. As a control 

experiment, tetrabutylammonium cations (Bu4N^) which should not be complexed by the 

crown^^''^^^ due to steric reasons, were added to solutions of CRl and CR2 at a high 
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concentration (35 mM). This did not significantly alter the strength or position of the 

linear absorption of CRl or CR2 (e = 6.7x10"^ M 'cm"' and 7.0x10'^ M'^cm ', respectively). 

This allows us to conclude that optical changes that occur on adding magnesium ions to 

the chromophore solutions are due to binding of the ion by the crown and not changes in 

ionic strength. 

The addition of magnesium ions to the crown containing chromophores strongly 

affects their absorption spectra. The ICT absorption band of CRl undergoes a 

hypsochromic shift to 445 nm with addition of Mg^"^ (see Figure 5.2.2b) and decreases in 

intensity to £ = 4.6x10'' M 'cm ' for [Mg^"^] =30 mM (as will be described later in Section 

5.2.3, at this concentration ~99% of the dye is present in the complexed form, 

CRLMg^""). A new peak appears at higher energy (338 nm) and intensifies as the 

magnesium ion concentration is increased, reaching an extinction coefficient of 3.0x10'' 

M 'cm"' at high magnesium concentrations. An isosbestic point is observed at ~430 nm 

and indicates the presence of an equilibrium of two absorbing species in solution. The 

effect of ion binding on the CR2 chromophore is even more dramatic (Figure 5.2.2c). 

With two crown groups on the chromophore, it is possible to have unbound CR2, a 1:1 

complex (CR2:Mg^'') complex, and a 1:2 complex (CR2:2-Mg^0 complex. At low 

magnesium concentrations (less than 0.1 mM), the absorption spectrum of the CR2 

solution is relatively similar in shape to that of the CRl:Mg^^ complex, with a blue shift 

of the lowest energy band with respect to CR2 and an additional peak at ~340 nm. These 

features are suggestive of the formation of the 1:1 CR2:Mg^'^ complex. At higher ion 

concentrations (>5 mM), a peak at 378 nm due to the CR2:2-Mg^^ complex becomes the 

dominant feature in the absorption spectrum, with an extinction coefficient of 4.4x 10'' 

M'^cm ' for [Mg^""] =30 mM, which corresponds to ~89% CR2:2-Mg^'" species in solution 

(see below). 
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Figure 5.2.2. Normalized linear electronic absorption and fluorescence spectra of 
a) CN-DSB, b) CRl, and c) CR2. The thin solid line and thin dashed line are the 
absorption and fluorescence spectra of the dye in acetonitrile. The thick solid and 
thick dashed lines are the absorption and emission spectra, respectively, of the 
dye-Mg^"^ solution obtained using 10'^ M dye and 30 mM Mg^^. The absorption 
spectra of the solutions were obtained in a 10 cm pathlength cuvette, and the 
fluorescence spectra in a 1 cm cuvette. For CN-DSB, the normalized spectra in 
the presence and absence of Mg^^ are overlapped. 
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Table 5.2.1. Linear spectroscopic data." 

Molecule / 
Cation System 

a (1) b  
^ abs 
(nm) (lO'M'cm-^) 

K 
(nm) 

„ c 
V 

(ps) 
x" 

CN-DSB 482 7.6 625 0.12 970 1.06 

CN-DSB / Mg'^ 481 7.3 625 0.09 900 1.19 

CRl 468 6.8 624 0.10 830 1.12 

CRl / Mg'^ 445 4.6 665 0.03 1100 
420 

1.14 

CRl / Bu4N^ 468 6.7 626 0.12 820 1.20 

CR2 472 7.2 610 0.20 1280 1.17 

CR2 / Mg'^ 378 4.4 576 0.19 1300 
2100 
730 

1.21 

CR2 / Bu^N" 472 7.0 610 0.23 1260 1.10 

CR2 / 362 4.8 410 
423 

0.82 1440 1.21 

" Data are reported for solutions in which [dye]~lxlO'^ M. When present, ion 
concentrations are [Mg^'^]~30 mM, [Bu4N^]=35 mM, and [HC1]=39 mM in acetonitrile 
unless otherwise noted. The absorption spectra were obtained in a 10 cm pathlength 
cell, the fluorescence spectra in a 1 cm pathlength cuvette. The steady state absorption 
and fluorescence properties of the CRl / Mg^^ reported here are for 99% complexed 
chromophore. The CR2 / Mg^^ data reported above are for a mixture of 89% 1:2 
dye/metal complexes and 11% 1:1 complexes, and <1% unbound dye as calculated 
from the binding constants as discussed in section 5.2.3. 

* Linear absorption maximum and molar extinction coefficient (e). The 
uncertainty in e is less than 5%. 
Fluorescence maxima (Af,) and quantum yields (rj). For r\ ,  the excitation wavelength 
was 400 nm and the reference compound 9,10-bis(phenyl-ethynyl)anthracene in 
cyclohexane.''^^ The uncertainty in r] is 10%. 
Fluorescence lifetimes (T) are reported for [dye]~lxlO'® M and [Mg^"^]=17 mM, 

[Bu4N'']=17 mM, [H'^]=40 mM. The uncertainty in ris 1-5% for the monoexponential 
decays, and 5-10% for the multiexponential decays. 
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In order to investigate the role of the nitrogen donors in the chromophores with 

respect to the electronic spectra, absorption measurements were performed on CR2 in 

acidic solution. Under acidic conditions, both nitrogen atoms of CR2 would be 

protonated and could no longer serve as electron donors to the jr-system. The absorption 

spectrum of CR2 in the presence of 39 mM HCl in acetonitrile is shown in Figure 5.2.3. 

The absorption peak is at 362 nm and is ascribed to the CR2:2-ff species. The extinction 

coefficient is 4.8x10" M'^cm ', which is similar to that of bis(o-methyl)styrylbenzene.''*^ 

The spectrum of the protonated CR2 resembles that of CR2 at high [Mg^^], where a large 

fraction of the 1:2 complex is present. The similarity of the spectra of CR2 in protonated 

form and in the Mg^"^ doubly complexed form is consistent with the nitrogen lone pair not 

interacting significantly with the n-system upon ion binding. Such similarities in the 

absorption spectra of the ion-bound form of the aza-crown chromophores and the 

protonated dye^^^ or a modified dye in which the crown is replaced by a hydrogen^^^'^^® 

has been observed for other aza-crown ether substituted systems. 
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Figure 5.2.3. Linear absorption (solid line) and emission (dashed line) of CR2 in 
the presence of 39 mM HCl in acetonitrile. 
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5.2.3 Binding Constant Determination 

In order to determine the composition of the different complexes in solution, the 

binding constants of CRl and CR2 with were determined as described in this 

section. The equilibrium expression for the formation of a 1:1 dye:metal complex is: 

Ki  
D + M - DM (5.2.1) 

where D is the dye, M is the metal ion, DM is the complex, and is the binding 

constant. can be determined from a spectrophotometric titration in which the dye 

concentration is kept constant and the metal ion concentration is varied. The 

concentration dependence of the absorption change is analyzed using the expression^^"* 

AA 

L l  +  K , [M]  

in which AA is the change in absorbance at a particular wavelength between the pure dye 

solution and the solution of dye and metal ion (Aq-A), L is the pathlength, [DJ is the total 

dye concentration, [M] is the concentration of the free metal, and Agn is the change in 

extinction coefficient at the measurement wavelength between the dye and dye:metal 

complex (£d"£dm)- Equation 5.2.2 is valid under the condition that the free metal ion 

concentration is not significantly altered by binding. 

Absorption spectra of CRl ([D] ~lxlO'^ M) were collected for solutions 

containing Mg^^ in the concentration range of 5x10'^ M to 2x10"^ M (representative 

spectra are shown in Figure 5.2.4a) in addition to a Mg^"^ free solution. The change in 

absorption at 468 nm is shown in Figure 5.2.4b and can be fitted reasonably well by 

equation 5.2.2, suggesting that the model in equation 5.2.1 is reasonable. The parameters 

that give the best fit to the experimental data are ^r,=3500 M"' and Ae,i(468 nm) =3.0x10'' 
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M * cm ', where the uncertainty in these values is about 10%. Similar results are obtained 

from the absorption data at 338 nm. The peak extinction coefficient for the CRhMg^"^ 

complex can be estimated from Acu and is consistent with the experimental data value 

obtained at high [Mg^^]. 

0 M Mg-"^ 
4.99e-5 M 
5.11e-4 M 
1.01e-3M 
2.30e-3 M 
1.01e-2 M 

/^.=3500 M 

400 450 500 
Wavelength (nm) 

0.000 0.005 0.010 0.015 0.020 0.025 

[Mg'1 

Figure 5.2.4. a) Absorption spectrum of CRl as a function of [Mg^"^]. Only spectra at 
selected concentrations are shown for clarity. The arrows indicate the trend for 
increasing [Mg^"^]. The dye concentration is 1x10^ M. b) Change in absorbance at 468 
nm as a function of magnesium concentration. The line is the best fit to the data by 
equation 5.2.2. 

For the CR2 chromophore, the binding can be described by a two-step 

complexation equilibrium. In the case where the chromophore can coexist with 1:1 

(CR2:Mg^^) and 1:2 (CR2:2-Mg^'^) complexes, the system is described by the following 

equilibria; 

Kn 
D+M • DM 

^12 
DM + M ^ DM2 (5.2.3) 
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It can be shown^^"^ that the change in absorbance (AA)  at a given wavelength is given by: 

— = ^ X (5.2.4) 

where and K12 are the two binding constants, as described in equation 5.2.3, Aei2=(eD-

£dm2)> arid the other parameters have the same meaning as in equation 5.2.2. It is again 

valid under the condition that the metal ion concentration is unchanged by the binding. 

Representative absorption spectra of CR2 with magnesium concentrations varying from 

5x10'^ M to 2x10"^ M are shown in Figure 5.2.5a. Equation 5.2.4 was used to fit the 

experimental data at several wavelengths using a non-linear least squares method (see 

Figure 5.2.5b for the case of A = 472 nm). The fitting results are .^^11= 6500 M"' and ^12= 

280 M"', Aeii(472) = 2.4x10'^ M''cm"\ and (472) = 8.1x10"^ M"'cm"\ The uncertainty 

in ^11 is around 10%, and is higher for K12 which varied by 20-30%. The extinction 

coefficients for the individual species that can be calculated from the fitting parameters 
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Figure 5.2.5. a) Absorption spectrum of CR2 as a function of [Mg^^]. Only spectra at 
selected concentrations are shown for clarity. The arrows indicate the trend for 
increasing [Mg^^]. The dye concentration is 1x10'^ M. b) Change in absorbance at 472 
nm as a function of magnesium concentration. The line is the best fit to the data by 
equation 5.2.4. 
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are similar to those measured experimentally on solutions with a large excess of 

magnesium ions. Specifically, e at 340 nm of the 1:2 CR2:Mg^'^ complex from the fit is 

calculated to be S.QxlO'^ M 'cm"'. From an experimental spectrum with [Mg^'']=4.4xl0"^ 

M, a value of e (340 nm)= 3.5x10'^ M"'cm"^ is obtained for a solution mixture which 

would correspond to < 0.03% CR2 dye, 7.5% 1:1 complex, and 92.5% complex using the 

binding constants obtained from the fit. 

The fitting procedure described above is based on data obtained at a specific 

wavelength. A global fitting procedure for the full absorption spectra over a range of ion 

concentrations would allow not only the estimation of the binding constants from a larger 

data set, but also the extraction of the absorption spectra of the individual species in 

solution. A nonlinear least-squares fitting routine of this type was written by Dr. 

Mariacristina Rumi,^^^ and resulted in a binding constant for CRl of ^,=3530 M"', a value 

which is in very good agreement to that obtained from the single wavelength fit (3500 

M'^). The binding constant for the formation of the CR2:Mg^^ complex is 6060 M'\ 

which is similar to the single wavelength value (6500 M"'), and K^2= 455 M"' for the 

formation of CR2:2-Mg^^. This result is larger than the value obtained using equation 

5.2.4 (280 M"'), but is within a factor of two. The absorption spectra of the individual 

unbound and complexed species obtained from the fitting procedure are shown in Figure 

5.2.6. The CRliMg^"" and CR2:Mg^^ spectra are very similar in position, shape, and 

intensity, suggesting a similar electronic configuration for the two species. The 

CR2:2-Mg^^ absorption spectrum resembles that observed for CR2:2-H^, again supporting 

the interpretat ion that  the ni trogen donor groups are part ial ly decoupled from the n-

system when involved in ion binding. Using these computed spectra, it is possible to fit 

the observed spectra as a function of ion concentration reasonably well, giving support to 

the two-step complexation model in equation 5.2.3. 
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Figure 5.2.6. Absorption spectra of a) CRl (solid line) and CRliMg^"" complex (circles) 
and b) CR2 (solid line), CR2:Mg^'' complex (line with circles) and CR2:2-Mg^^ complex 
(line with downward triangles). Spectra of complexes courtesy of Dr. Mariacristina 
Rumi. 

5.2.4 Fluorescence Quantum Yields and Lifetimes 

The fluorescence spectra of the three uncomplexed molecules (CN-DSB, CRl, 

and CR2) in acetonitrile are unstructured and have fluorescence maxima (A n) located at 

625 nm for CN-DSB and CRl and at 610 nm for CR2. These molecules exhibit large 

Stokes' shifts (Vabs^^^ - Vf,) of 4750 cm ' for CN-DSB, 4790 cm"' for CR2, and 5340 cm ' 

for CRl. These molecules exhibit fluorescence quantum yields {r]) in acetonitrile in the 

range of 0.10-0.20 (Table 5.2.1) in the absence of complexing metal ions. CN-DSB 

shows a slight decrease in quantum yield when 30 mM Mg^^ is added to the solution 

(^7=0.09 versus 0.12) but no shift in the position of the fluorescence band is observed 

(Figure 5.2.2a). The quantum yields of CRl and CR2 in the presence of 35mM Bu4N'^ 

are 0.12, and 0.23, respectively, which indicates that the effect of ionic strength on rj is 

small. Moreover, the addition of Bu4N^ does not produce any significant change in the 

shape and position of the fluorescence band of CRl and CR2. In contrast, the spectrum 

of CRl shows a 40 nm red shift on binding Mg^^, and a reduced quantum yield of 0.03 is 
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obtained under high Mg^"" concentration (30 mM) conditions. The Stokes' shift for CRl 

increases upon binding (7454 cm"'), suggesting a larger relaxation energy in the excited 

state for the complex than for the unbound dye. The fluorescence of CR2 shows more a 

complex behavior (Figure 5.2.7). At low magnesium concentrations (for 2 mM Mg^^ the 

proportions of the dye containing species are; 5% free CR2, 61% CR2:Mg^^, 34% 

CR2:2-Mg^^) the fluorescence spectrum red shifts by ~10 nm, broadens, and the effective 

quantum yield of the solution decreases (r] =0.12). This suggests that the CR2:Mg^^ 

species has fluorescence properties similar to that of CRLMg^"^, although the spectra of 

the individual species have not been isolated yet using fitting procedures similar to the 

one described for the absorption case. At higher magnesium concentrations (30 mM 

Mg^"^ in which the solution composition is 89% CR2:2-Mg^^, 11% CR2:Mg^^, <1% 

CR2), the fluorescence spectrum blue shifts by 35 nm compared to the unbound species, 

and the fluorescence quantum yield of this solution is similar to that of the unbound 

species (r] = 0.19). In the presence of 30 mM Mg^"^, the Stokes' shift is 9090 cm"', nearly 

twice that of the unbound species. The excited state relaxation energy is extremely large 

in the presence of ions, resulting in a spectrum which is very similar to the free dye. In 

contrast, CR2 in the presence of HCl exhibits a somewhat structured fluorescence 

spectrum with highest energy peak located at 410 nm and a smaller Stokes' shift of 3210 

cm"' (Figure 5.2.3), and is highly fluorescent (r] = 0.82). While CR2;2-Mg^'' and 

CR2;2-H^ have similar absorption properties, the fluorescence spectra are drastically 

different (Figure 5.2.7). Clearly, the emission for CR2:2-Mg^'' and CR2:2*H^ is from two 

different electronic states and geometries, as will be further discussed in Section 5.2.7. 
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(legend above). 

The fluorescence lifetimes, x, were measured for the three dyes with magnesium 

ion concentrations varying from 0 mM to 53 mM, and a dye concentration of ~lxl0'®M. 

The uncomplexed dyes exhibited single exponential decays with lifetimes of 0.97 ns for 

CN-DSB, 0.83 ns for CRl, and 1.28 ns for CR2 (see Table 5.2.1). Addition of 22 mM 

Mg^"^ to a solution of CN-DSB reduced the lifetime slightly to 0.90 ns, but still gave a 
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single exponential behavior. Control experiments with Bu4N^ (17 mM) resulted in single 

exponential decays and lifetimes very similar to those obtained for the dyes in acetonitrile 

(0.82 ns for CRl + Bu4N^ and 1.26 ns for CR2 + Bu4N^) and were also of a single 

exponential character in their decay. In contrast, the addition of magnesium to solutions 

of CRl resulted in a biexponential fluorescence decay, which is indicative of the presence 

of two fluorescent species in solution. One of the components has a fluorescence lifetime 

of 1.10 ns, while the second component has a lifetime of 420 ps. Similar lifetimes are 

obtained over the entire range of magnesium concentrations, but the relative amplitudes 

of the two components change with magnesium concentration and suggest that the 1.10 

ns component is due to the free CRl and the 420 ps component to the CRliMg^"^ species. 

The fluorescence decay of CR2 in the presence of Mg^"" can be fit to a double exponential 

with lifetimes of 2.1 ns and 730 ps in the cases where the free dye concentration is less 

than 5%. At lower ion concentrations, where all three species are in solution, a more 

complex decay is observed that can be fit to a triple-exponential decay function, with two 

lifetimes similar to those obtained in the double exponential case (and can be assigned to 

the two dye:ion complexes) and a third component corresponding to T=1.30 ns, similar to 

the lifetime of the free dye. Analyzing the change in amplitudes of the components with 

magnesium concentration suggests that the 730 ps component should correspond to 

CR2:Mg^'^ and the 2.1 ns component to CR2:2-Mg^''. 

5.2.5 Two-Photon Absorption Spectroscopy 

The two-photon action spectra (r jd)  of of CN-DSB, CRl, and CR2, shown in 

Figure 5.2.8 were obtained with solutions containing 2 mM Mg^^, which is a 

concentration in the range of interest for physiological studies.Measurements were 

also performed with solutions containing a large excess of magnesium ions (Table 5.2.2), 
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such that only the bound species are present in significant concentration. The three 

chromophores have similar action spectra, all peaking at 810 nm, and the differences in 

the action cross sections {r]S) are mainly due to differences in the quantum yields of the 

three molecules. For the three molecules in the absence of magnesium, all have large 

peak two-photon absorption cross sections of 6 >1800 GM. 6 for the molecules with the 

monoaza-15-crown-5-ether substituents is slightly smaller than that for the dibutylamino 

analogue, which suggests that the azacrown is a slightly weaker donor group, consistent 

with the behavior observed in the linear absorption spectra. 

The two-photon action spectra for CN-DSB and CN-DSB + Mg^^ are identical 

within experimental error. For the chromophores with the crown ether binding groups, 

the presence of Mg^"" strongly effects the two-photon properties in the wavelength range 

of 720-860 nm. The two-photon action spectrum of CRl in the presence of 2 mM Mg^^ 

decreases by a factor of nearly seven resulting in an action cross section of 26 GM at 810 

nm. For CR2, addition of magnesium ions (2 mM) decreases the action cross section by 

a factor of 15 at 810 nm, to give r]8=29 GM. In the samples used for these 

measurements, several species are present in solution. Using the binding constants 

obtained in Section 5.2.3, one can calculate that in the CRl + 2 mM Mg^^ system 87% of 

the dye is in the 1:1 complex, and the remainder (13%) exists as free dye. In the CR2 

system, 5% of the chromophore is in the unbound state, 61% in a 1:1 complex, and 34% 

in the fully complexed 1:2 form. 
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Figure 5.2.8. Two-photon action spectra of a) CN-DSB, b) CRl, and c) CR2 obtained 
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Table 5.2.2. Two-Photon Spectroscopic Parameters." 

Complex A(2). riS ' d '  
(nm) (GM) (GM) 

CN-DSB 810 300 2500 

CN-DSB -h 2 mM Mg'^ 810 300 -

CRl 810 180 1800 

CRl + 2 mM Mg^^ 810 26 -

CRl -H 65 mM Mg'^ 810 9.4 300 

CR2 810 430 2150 

CR2 -h 2 mM Mg'" 810 29 -

CR2 55 mM Mg'^ 810 8.8 45 

" Values of parameters reported are obtained for two-photon spectra measured using fs 
measurements in which [dye]~lxlO'^ M in acetonitrile. The quadratic behavior of the 
fluorescence signal with intensity was confirmed under these conditions and the 
measurements were referenced against coumarin 307. The data reported are for 
solutions in equilibrium. Based on the binding constants determined in Section 5.2.3, 
the composition of the solutions is as follows: 2 mM Mg^"^; CRl/Mg^"^ solution 
contains 13% uncomplexed dye and 87% metal:dye complex; the CR2/Mg^'^ solution 
contains 5% uncomplexed chromophore, 61% 1:1 dye/metal complex, an 34% 1:2 
complex. For the high Mg^^ solutions: CRl/Mg^^ solution contains 0.4% 
uncomplexed dye and 99.6% metal dye complexes; the CR2/Mg^^ solution contains 
0.02% uncomplexed chromophore, 6% 1:1 dye/metal complex, and 94% 1:2 complex. 

* Two-photon absorption excitation wavelength, 
" Two-photon action cross section ( r jS )  and two-photon cross section (S ) .  The 

uncertainty in 8 is on the order of 15%. 

In order to understand more fully the effect of the complexation of the dye on the 

two-photon properties, the spectra were also collected with much higher concentrations 

of magnesium ion (s55 mM Mg^^). For a solution containing 99.6% CRl:Mg^^ complex, 

r]d (810 nm) = 9.4, corresponding to 6 = 300 GM. Similarly, for a system containing 

94% CR2:2-Mg^^, 6% CR2:Mg^^, and 0.02% free CR2, ri8 (810 nm) = 8.8, corresponding 
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to <5 = 45 GM. This reveals the important point that the two-photon absorption cross 

section of the bound species is reduced by an order of magnitude in this wavelength 

range on ion binding. The reduction in 6 is most likely due to a decrease in the extent of 

intramolecular charge transfer in the Jt-system when the nitrogen lone pair is involved in 

ion binding. 

5.2.6 Quantum Chemical Calculations 

Quantum chemical calculations were performed by Kwan, e t  to investigate 

the effect of the binding of magnesium ions on the optical properties of CR2. The 

molecular geometries were optimized at the B3LYP/6-31G* leveP^ in the density 

functional theory (DFT) formalism.^^®'^® Based on the DFT optimized geometries,^®' 

transition energies and dipole moments of the compounds were calculated by using the 

semiempirical INDO hamiltonian'®^ coupled to a multireference determinant single and 

double configuration-interaction (MRD-CI)^® scheme in order to include electron 

correlations which are especially important for the description of the TPA active 

states.^®^"^^^ To describe the Coulomb repulsion terms, the Mataga-Nishimoto (MN) 

potentiaP®^ was used as it has been found that this potential yields a better agreement with 

experimental spectroscopic data,^^'^®® than the Ohno-Klopman (OK) potential^®^'^®^ used 

previously.^^ Five determinants (SCF, H-^L, H-*L+1, H-1-»L, and H,H^L,L where 

H= HOMO, L=LUMO, and SCF is the self-consistent field) which are dominant in the 

description of the ground state, the lowest excited state, and two-photon excited states 

were chosen as reference determinants. The active space included the highest 26 

occupied and lowest 26 unoccupied orbitals for single excitation, and the highest 6 

occupied and lowest 6 unoccupied orbitals for multiply excited determinants. The 

calculations were performed for an isolated molecule in the vacuum. The values of 
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Im 7 {-(o-,(jo,-co,co), which is related to 5 by equation 1.5, were computed by using the 

perturbative Sum-over-State (SOS) expression'® including the 300 lowest-lying singlet 

excited states. 

To study the effects of magnesium ions on the two-photon properties of the 

chromophores, calculations were performed on CR2 and CR2:2*Mg^"^ as well as on two 

model compounds: a compound analogous to CN-DSB but with di(methyl)anuno donors 

rather than di(butyl)amino donor groups (Me-CN-DSB), and a compound in which the 

donors are replaced with hydrogen atoms (n-A-jt, structure in Figure 5.2.9). The 

calculated energies (Table 5.2.3) of the two-photon absorption maxima are higher than 

those observed experimentally, as has been noted previously." Figure 5.2.9 illustrates 

that the two-photon state of the complexed species (CR2:2-Mg^'^) is shifted to higher 

energy by about 0.5 eV than that of the uncomplexed species, CR2. Additionally, the 

peak two-photon cross section is calculated to be smaller for the complex (560 GM) than 

for CR2 (1240 GM). In the spectral region about the peak of the two-photon maximum 

for CR2, the strength of the two-photon transition for CR2:2-Mg^'^ is very small, in good 

agreement with the experimental results. The limited wavelength range studied 

experimentally does not allow the identification of the actual peak for CR2:2-Mg^^. It 

was suggested above that the changes in optical spectra were due to partial deactivation 

of the electron donating ability of the terminal amino groups due to the interaction with 

the magnesium cations. In order to substantiate this hypothesis, the results for CR2 and 

CR2:2-Mg^'^ were compared to those of the model Jt-A-Jt compound in which the amino 

donor groups are replaced by hydrogen atoms, as shown in Figure 5.2.9. 
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Figure 5.2.9. Quantum chemical calculations of the two-photon absorption 
spectra of CR2 (open squares) and CR2:2-Mg^^ (closed squares) and model Jt-A-
jt compound (thick line) plotted in terms of excitation energy (1/2 of the 
transition energy). 

As in the experimental data, Me-CN-DSB and CR2 have similar optical properties 

with a two-photon absorption maximum at ~1.9 eV and a magnitude of ~1200 GM. The 

jt-A-Jt compound, which can be used to represent the limiting case for ion binding, where 

the donors are completely involved in the binding and are effectively decoupled from the 

rest of the :t-system, has a two-photon absorption maximum at 2.2 eV and 6max j^st over 

400 GM. Similar spectra are obtained for the Me-CN-DSB compound when the 

dimethylamino donor is rotated relative to the terminal phenyl ring in order to reduce the 

coupling with the Jt-system. The calculations for CR2:2-Mg^'^ give an excitation energy 

for the two-photon maximum of 2.15 eV and 6 =560 GM which are values intermediate 
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compared to the two limiting cases but are close to those for the Jt-A-Jr molecule. This is 

what would be expected, as the crown nitrogen atoms are strongly, but not completely, 

decoupled from the jt-system. 

Table 5.2.3 Results of Quantum Chemical Calculations. 

Parameter CR2 CR2:2Mg^* 

£ge(eV) 3.3 3.7 

3.8 4.3 

AE=E^,-E^J2 1.40 1.55 

M,,(D) 11.8 11.3 

M^-(D) 17.7 11.6 

5max(GM) 1240 560 

" The calculated transitions energies, E,  are reported in terms of the total transition 
energy, the photon energy is 1/2 E. Also calculated is the detuning energy, and the 
transition dipole moments. 

In the context of the three-level model (eq. 1.8), the changes in the magnitude of 

the peak two-photon absorption spectra on ion binding can be attributed to (i) a 

significant reduction of the excited state transition dipole moment {M^) from 17.7 D to 

11.6 D, and (ii) an increase in the two-photon detuning term, {AE=E^^-E^J2) from 1.4 eV 

to 1.55 eV. is similar for the bound and unbound forms of the chromophore (11.3 

and 11.8 D, respectively). The experimental estimate for from the integration over 

the full absorption band of the experimental spectra for CR2 and CR2:2-Mg^^ extracted 

from the global fitting (Figure 5.2.6) are 12.5 and 10.8 GM, respectively, and suggest a 

larger decrease in upon binding than predicted by the quantum chemical calculations. 

However, it was discussed in Chapter 3 that there are two transitions contributing to the 
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main absorption band of the CN-DSB chromophore. If this were true also for the CR2 

chromophore, the transition moment for the g-^e transition would be smaller, and closer 

to that of CR2:2-Mg^'', in agreement with the calculations. 

5.2.7 Sensitivity and Contrast Figures of Merit 

There is interest in assessing the suitability of these molecules as molecular 

sensors. Two metrics for quantifying the performance of molecular sensors are 

sensitivity and contrast. For most sensors, the optical response to an analyte is measured 

by constructing a calibration curve based on a series of standards. The sensitivity (S) is 

the slope of the calibration curve at the concentration of interest.^^® The desired response 

of the sensor to the analyte is a linear response, although with suitable calibrations a 

somewhat nonlinear response can be functional. In the ideal case where the response of 

the sensor to the analyte is linear, the sensitivity is unequivocally defined. The definition 

can, however, be extended to cases where the response is not linear, as in our case, and 

the sensitivity becomes a function of the analyte concentration. For CRl, where there 

can be two emitting species in solution, the total one-photon induced fluorescence signal 

( F )  a s  a  f u n c t i o n  o f  i o n  c o n c e n t r a t i o n  ( M )  i s :  

where the parameters have all been defined above. The sensitivity can then be obtained 

by differentiating expression 5.2.5 with respect to [M]: 

F ( M )  o c  [ D j l ( A )  •  •  
[  K , [ M \  +  \  

1 
(5.2.5) 

d F ( M )  
(5.2.6) 
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This expression describes the sensitivity, S ,  of a chromophore to a metal ion that modifies 

the optical properties upon binding, such as CRl to magnesium ions. S is greatest at 

wavelengths for which the difference in tje for the two species is largest, and depends on 

the ion concentration. Figure 5.2.10a shows rje for CRl and CRhMg^"" species as 

obtained from the global fitting analysis described above, and the difference spectrum 

(the absolute value of the difference is shown for clarity). For one-photon excitation, the 
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Figure 5.2.10. Sensitivity for CRl: a) one-photon action spectra b) two-photon 
action spectra and c) sensitivity curve normalized to -1. The inset is a magnified 
view of the low concentration region. In plots a and b, the absolute value of 
difference is plotted for clarity. 



165 

sensitivity will be very small at 340 nm and greatest at 473 nm. S  is plotted (normalized 

to -1) using the optical parameters for excitation at 473 nm (Figure 5.2.10c) and it is 

largest (most negative) for small magnesium ion concentrations, and rapidly plateaus to 

zero at 3 mM Mg^"". The linear region of S is for magnesium ion concentrations less than 

0.02 mM, well below physiological concentrations. This treatment can be extended to 

the two-photon induced fluorescence experiment by replacing e with 8 in equation 5.2.6. 

The expressions given by 5.2.6 for one-photon and two-photon excitation would have a 

different prefactor (not shown above), which depends on experimental and instrumental 

parameters. The shape of the two-photon sensitivity curve is identical to the one-photon 

curve, however, the scale of the two curves will be different once the prefactor for 

equation 5.2.6 is taken into account. The two-photon complement is computed using the 

experimental spectra with either 0 M or 65 mM Mg^^ (shown in 5.2.10b). The extension 

of this treatment to CR2, would require the knowledge of the absorption and fluorescence 

characteristics of all three individual species and not all these parameters are available. 

Contrast describes the ability to distinguish between the two forms of the 

molecular sensor and is typically defined as the difference in the fluorescence signals 

normalized to the signal from the native species.^™'^^' Since the contrast factor is 

dimensionless, it should be possible to compare directly the cases of one- and two-photon 

induced fluorescence. Since the fluorescence signal decreases on ion binding the contrast 

is negative and has a limiting value of negative one. The contrast has been calculated 

using the same limiting spectra shown in Figure 5.2.10. As shown in Figure 5.2.11, both 

the one-and two-photon excitation of CRl results in a good contrast (>0.8) over wide 

wavelength range, from 455-550 nm for one-photon excitation and a somewhat wider 

range of 730-860 nm for two-photon excitation. Note that for an excitation wavelength 

of 340 nm, the contrast by one-photon excitation is zero and the bound and unbound 



166 

forms of the chromophore give the same integrated fluorescence intensity. From the 

plots shown, it is apparent that one can obtain a somewhat higher contrast with two-

photon excitation (-0.96) than with one-photon excitation (-0.90). This result shows that, 

in addition to the intrinsic advantages of two-photon absorption for imaging, it may be 

possible to design two-photon molecular sensors in which the contrast between the bound 

and unbound forms under one- and two-photon excitation conditions is similar, if not 

slightly better, in the two-photon case. In addition for the two-photon excitation case, the 

contrast is larger than -0.9 over a ~90 nm excitation region, compared to only ~30 nm for 

the one-photon excitation case. This larger bandwidth allows for flexibility in the 

excitation wavelength for excitation of multiple chromophores if desired. The above 

results differ from the results of a recent study^^^ in which the authors compared the 

response of one-photon and two-photon excitation performance of commercially 

available molecular sensors. It was found that the contrast of chromophores like calcium 

green was not significantly different for one- and two-photon excitation. This could be 

due to the fact that the changes in fluorescence intensity are due to changes in 

photoinduced electron transfer, and, in fact, as noted by Webb's group,^'' the two-photon 

absorption cross section for that chromophore is not significantly modified by ion 

binding. In cases where is modulated by ion binding, which affects the two-photon 

cross section, but not the one-photon response, it is conceivable that molecular sensors 

could exhibit a larger optical response to ion binding under two-photon excitation 

conditions. 
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Figure 5.2.11. Contrast plots for CRl a) one-photon induced fluorescence and b) 
two-photon induced fluorescence. 

5.2.8 Discussion 

The relatively small differences in the linear spectroscopic properties for the CN-

DSB, CRl, and CR2 in their unbound forms indicates that the monoaza-crown-ether 

group is comparable to but somewhat weaker as a donor relative to the dibutylamino 

group, and does not significantly perturb the electronic structure of the chromophore core 

of CN-DSB. All three compounds are strong two-photon absorbers in the near-IR region 

with peak 6 >1800 GM. The changes in the spectral features of CRl and CR2 in the 

presence of Mg^^ demonstrate that the aza-crown ether group retains the ability to bind 

magnesium ions when attached to the substituted distyrylbenzene backbone and that the 

dye:ion complexes exhibit very different spectroscopic properties from the free dyes, 

including a decrease in two-photon absorption cross section and shift in peak position. 

Theoretical calculations suggest that the decrease in the two-photon cross section in the 

range of 720-870 nm is due mainly to a shift in the position of the lowest energy TPA 
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band upon binding. These changes can be understood in terms of the effect of ion 

binding on the intramolecular charge transfer in the two-photon chromophore. 

The optical studies suggest that the parent chromophore (CN-DSB) does not 

appreciably bind magnesium ions. The titration of CRl with magnesium ions monitored 

spectrophotometrically shows a behavior that is well described by formation of a 1:1 

dye:metal complex. The value of the binding constant (^i = 3500 M"') for CRl with Mg^"^ 

is larger than values reported in the literature for this macrocycle attached to other 

chromophores (in acetonitrile). In cases where 1:1 complexes with Mg^^ are formed, the 

values of the binding constant reported in the literature vary from 480 to 1500 M"' 

for asymmetrically substituted donor-acceptor chromophores.The spread in the 

values of the binding constant indicates that the strength of the interaction between the 

monoaza-15-crown-5-ether and Mg^^ is modulated by the chromophore. The higher 

binding constant for CRl may be due to the D-A-D' design motif. The absorption 

spectrum of CR2 is consistent with a two-step complexation equilibrium in solution, 

involving the formation of chromophore:metal complexes with 1:1 and 1:2 stoichiometry. 

The binding constant for the formation of the CR2:Mg^^ complex (^,=6500 M"') is 

approximately twice for CRl. This result can be explained by the fact that there are 

two binding sites per CR2 molecule, thus increasing the effective concentration of 

binding groups for CR2. K^2, the equilibrium constant for the formation of the 

CR2:2-Mg^'^ species, is significantly smaller than Zn. For two independent binding sites, 

one would expect This indicates that there is a negative cooperativity 

between the two binding sites on a single molecule and that the binding of the second ion 

is significantly less favored that the first one. This could be explained by the fact that, 

after the first binding event, the electron density on the nitrogen on the other end of the 

molecule decreases, because of a partial charge transfer toward the electron accepting 
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central portion of the molecule (the molecule now has effectively only one terminal 

donor group, but the same two CN acceptor groups). Thus the interaction with a second 

ion is weaker. This change in charge distribution after ion binding is also consistent with 

the observation of a slight red-shift in the emission spectrum of CRl;Mg^^ and CR2:Mg^^ 

with respect to the unbound chromophores, indicative of a larger reorganization energy. 

A large difference in the two binding constants has also been reported for a symmetric 

biscrown substituted diphenylpentadienone chromophore (A',i=1400 Ki2=26 

A 9,10-bis(monoaza-15-crown-5)anthracene also has binding constants which are an 

order of magnitude smaller for the binding of the second ion compared to the first. 

There are examples of positive cooperativity, where the binding affinity is higher for the 

second ion than the first, such as a bis-(9,10-anthracenediyl)coronand for which the 

binding of the first sodium ion (i?'ii=180 M ') causes a geometric rearrangement that is 

more favorable for binding a second sodium ion (^,2=240 

Our data are consistent with the following photophysical picture. Binding of a 

metal ion by the crown ether group involves coordination of the ion by all four oxygen 

atoms, as well as by the nitrogen atom in the crown. Upon binding, the nitrogen electron 

density is involved in the crown-ion interaction and is not available to the n-system so 

that ion binding dramatically reduces the intramolecular charge transfer in the dye. This 

results in a blue shift of the absorption spectrum, as is seen in CRl and CR2 upon 

addition of magnesium. The similarity between the absorption spectrum of CR2:2-Mg^'' 

and that of CR2 in acidic conditions supports the hypothesis that after binding, the 

nitrogens are largely decoupled from the n:-system in the ground state. The blue-shift in 

the linear absorption of CRliMg^"^ is smaller as there is still one remaining electron donor 

attached to the jc-system, and an essentially donor-acceptor type electronic structure 

results. The spectrum of CRliMg^'^is quite similar to that of CR2:Mg^^. 
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Once the chromophore is excited, relaxation processes occur over the lifetime of 

the excited state. There has been some debate in the literature regarding the strength of 

ion binding by the crown once the chromophore is in the excited state. It is generally 

believed that the ion binding strength of the macrocycle is lower in the excited state due 

to Coulombic repulsion. That is, upon excitation, the nitrogen atom involved in binding 

the ion becomes more positively charged, which repulses the cationic metal ion. It has 

been suggested that the nitrogen-ion coordination bond is broken, and either the cation is 

ejected from the crown, or the cation becomes loosely coordinated by the oxygen atoms 

of the ring, and a solvent molecule completes the coordination of the ion.^^"'^^' Pump-

probe spectroscopic studies of aza-crown ether systems and calcium ions have shown that 

the nitrogen-ion bond breaks in less than ten picoseconds, and a reorganization of the 

coordination shell of the ion occurs in 50 ps.^^' 

The data collected on the molecules described here do not appear to support the 

complete photoejection of the ion from the crown group. Solvatochromic studies of CN-

DSB suggest that there is a larger quadrupolar moment in the excited state than in the 

ground state (Chapter 4). The increased positive charge density on the nitrogens that 

accompanies excitation will cause increased Coulombic repulsion with the positively 

charged cation in the crown and may cause destabilization of the nitrogen-ion bond. We 

observe that the fluorescence spectra of the bound and unbound species are different, 

indicating that the emitting states of the two species are different. This is illustrated 

particularly well when comparing the emission spectra of CR2, CRltl-Mg^"^ and 

CR2:2-H^ (Figure 5.2.7). The CR2:2-Mg^^ and CR2:2-H^ species have very similar 

absorption properties, and very different emission properties. If the nitrogen atom were 

still strongly coupled to the ion in the excited state, one would expect the fluorescence of 

CR2:2-Mg^^ to be similar to that of CR2:2 H^. If the ions were completely ejected from 
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the crown group on excitation, the emission should be very similar to that of the free 

CR2. Neither of the extremes correspond to the experimental findings, and it appears that 

the emission for CR2:2-Mg^'" comes from a different geometric configuration. As the 

magnesium ion is smaller than the cavity size of the crown (cavity size of the crown is 

1.7-2.2 A, the Mg^^ ionic diameter is 1.32 it is possible that a rearrangement of the 

ion in the crown takes place following excitation to minimize the coulombic repulsion. 

The geometric reorganization of the ion within the crown, and the crown itself, in the 

excited state could explain the large Stokes' shifts observed in for the dye:metal 

complexes. The it-system of the chromophore will also undergo small changes in 

geometry when the ion and crown reorganize, which will also contribute to the relaxation 

energy. Additionally, the fluorescence lifetime decays show multiexponential behavior 

suggesting that more than one emitting species is present in solution and the amplitudes 

of the lifetime components generally change with magnesium ion concentration (i.e. as 

[Mg^^] increases, the lifetime component associated with the bound complex increases in 

amplitude). Thus, our results are consistent with a movement of Mg^^ away from the 

nitrogen atom and reorganization of the crown in the excited state, but do not support full 

photoejection of the ion. 

The peak two-photon absorption cross sections of CN-DSB, CRl, and CR2 in 

acetonitrile are all very large (>1800 GM) in the absence of magnesium ions. The 

disruption of the intramolecular charge transfer induced by ion binding dramatically 

affects the two-photon properties of the molecules, reducing r}d at the peak of the 

observed two-photon band by more than a factor of five and decreasing 5 by a factor of 

six at 810 nm in the case of CRl in the high ion concentration regime. The CRl:Mg^^ 

complex is asymmetric and transitions to new two-photon allowed states outside the 

wavelength range studied here should be possible. For the CR2 molecule, the change in 
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the two-photon spectrum is even greater on ion binding, where rjd is decreased by more 

than a factor of 15 at 810 nm, and 6 decreases by a factor of nearly 50 in the 1:2 complex. 

As in the case of the linear absorption, where a large blue shift is observed, it is likely 

that a two-photon state exists at somewhat higher energy than for the range examined 

CR2. This is suggested by the quantum chemical calculations for CR2 which show that 

the two-photon state for CR2;2-Mg^^ is shifted 0.5 eV higher in energy than that for CR2. 

The calculated value of for CR2:2-Mg^'^ is one fourth that of CR2. The calculations 

clearly demonstrate that the changes in peak values of the two-photon absorption cross 

section are due to the reduced donating strength of the amine groups when an ion is 

bound by the receptor, which causes a significant reduction in and an increase in the 

virtual state detuning. Experimentally, the large contrast between the two-photon cross 

sections of the free and bound species (in the measurement wavelength range) is 

dominated by the shift of the two-photon absorption band to higher energies upon ion 

binding. 

Several difficulties in the use of these specific dyes as chemical sensors should be 

pointed out. The aza-crown-ether binding group used in these studies has been shown in 

the literature to bind magnesium, calcium, sodium and several other ions but it does not 

possess the selectivity for one specific ion that would be desired for most physiological 

studies. Additionally, the aza-crown receptor used does not bind magnesium or calcium 

in the presence of water. However, even if these dyes cannot be used directly in 

fluorescence microscopy applications, the results presented here provide insight into how 

ion binding affects the one- and two-photon spectroscopic properties of D-A-D type TPA 

chromophores and can aid in the design of a new generation of two-photon ion sensors. 
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5.3 BAPTA Substituted Two-Photon Chromophore 

5.3.1 Introduction 

In this section, the optical properties of the donor-acceptor-donor chromophore 

(CN-DSB) substituted with the l,2-bis(o-aminophenoxy)ethane-Ai',iV,-7V'-A^'-tetraacetic 

acid, or BAPTA, ligand (see Figure 5.3.1) are discussed. BAPTA is a chelating ion 

receptor that forms 1:1 complexes with ions and has a high selectivity for calcium ions 

over magnesium and sodium ions. The binding constant of the isolated BAPTA ligand for 

calcium is very high M ')."" Additionally, the binding properties of the ligand 

are (nearly) independent of pH in the range of pH 7-9, which includes physiological 

conditions.These properties have made the BAPTA receptor one of the most 

popular calcium binding ligands for biological studies, and a number of BAPTA based 

molecular sensors are available from commercial sources such as Molecular Probes, Inc. 

The binding constant of the BAPTA group can be altered substantially by the electron 

donating or withdrawing nature of the substituents.'"^ This tunability is very useful as 

biological calcium concentrations can vary from 10"^ to 10'^ requiring molecular 

sensors with binding constants that are appropriate for the type of measurement being 

performed. 

A potential molecular sensor containing both a two-photon chromophore (CN-

DSB) and ligand (BAPTA) was obtained from the Marder group in the esterified form, 

which has greater long term stability than the carboxylate salt. The ester form of the 

ligand (TPA-BAPTA(E)) is not ion sensitive, and the molecule is not water soluble 

(Figure 5.3.1). The anionic form of the ligand (TPA-BAPTA), obtained by cleaving the 

ester groups, binds calcium ions and imparts water solubility to the molecule. The 

saponification conditions are described in Chapter 2. 
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Figure 5.3.1. Saponification of TPA-BAPTA(E) gives the calcium sensitive molecular 
sensor TPA-BAPTA. 

Studies of the TPA-BAPTA chromophore address several research goals. These include 

studying the optical properties of the first water soluble two-photon chromophore of this 

design motif in our laboratory, the ability for this amphiphilic chromophore to intercalate 

into model membranes, and the optical properties in these environments. Additionally, 

the assessment of the performance of the dye as a molecular sensor requires optical 

studies of the effects of calcium ion on the linear and nonlinear optical properties of 

TPA-BAPTA and can build on our understanding of the behavior of the monoaza-crown-

ether chromophores. This chapter discusses the optical properties of the esterified form 

of the dye (TPA-BAPTA(E)) in toluene, and the linear and two-photon spectroscopic 

properties of the tetra-anionic two-photon BAPTA molecule (TPA-BATPA) in water and 

micellar media. 

5.3.2 TPA-BAPTA Ester Spectroscopy 

The one- and two-photon spectra of TPA-BAPTA(E) were obtained in toluene, in 

order to study the effect of the ligand on the chromophore as well as for comparison with 

studies of the TPA-BAPTA anionic molecule in hydrophobic, micellar environments 
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(Figure 5.3.2 and Table 5.3.1). The molecule has an absorption maximum at 473 nm, 

with an extinction coefficient (s) of 4.6x10'^ M"' cm"' in toluene. This absorption band is 

blue-shifted and weaker compared to CN-DSB = 490 nm, e= 6.6x10" M 'cm '). 

The fluorescence maximum of TPA-BAPTA(E) is at 536 nm and the fluorescence 

quantum yield (rj) is 0.66, values that are very similar to the values obtained for CN-DSB 

in the same solvent (see Chapter 3). 
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Figure 5.3.2. The linear absorption, fluorescence and two-photon absorption spectra 
of TPA-BAPTA(E) in toluene. The solid line is the linear absorption spectrum, the 
dot-dashed line is the fluorescence spectrum, the circles are the two-photon excitation 
spectrum (the dashed line is only a guide to the eye). 

The two-photon absorption spectrum of TPA-BAPTA(E) has been obtained using 

fluorescein as a reference compound and has a band with a maximum at 820 nm with a 

peak two-photon absorption cross-section, d, of 620 GM (Figure 5.3.2). This value of 6 

is only half that obtained for CN-DSB in toluene (6 = 1750 GM)."' The effect of the 

BAPTA ligand substitution on the linear and two-photon absorption spectra compared to 

the CN-DSB parent chromophore are significant. These differences could indicate that 
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the BAPTA group is a weaker donor than the dibutylamino group and/or that the bulky 

ligand has altered the geometry of the chromophore Jt- backbone. 

5.3.3 Linear Absorption and Fluorescence Spectroscopy of TPA-BAPTA in aqueous 

and micellar environments 

After saponification, the TPA-BAPTA molecule is soluble in water that has been 

buffered to pH 7.2. The absorption band for the anionic TPA-BAPTA in water (Figure 

5.3.3a) is blue-shifted = 427 nm) and weaker (e = 3.4x10'^ M'^cm"') with respect to 

that of TPA-BAPTA(E) in toluene, which could be due to a specific solvent effect such 

as hydrogen bonding. The fluorescence of TPA-BAPTA in water is very weak with a 

maximum at ~600 nm and a very small quantum yield of 0.004. When is added to 

aqueous solution ([Ca^"" ]= 1.0 mM), the absorption spectrum exhibits a slight blue shift 

(\bs"' = 425 nm) and the peak extinction coefficient decreases by 24% to 2.6x10'^ M"^ 

cm"'. A small shoulder at shorter wavelengths (--340 nm) also appears, altering the band 

shape. The effect of calcium on the fluorescence properties in water is very strong. The 

fluorescence maximum shifts to 592 nm, and the quantum yield increases by more than 

an order of magnitude to 0.03. 
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Figure 5.3.3. One-photon spectra of TPA-BAPTA anion in a) water, pH 7.2; and 
micelles composed of b) TX (10 mM) c) SDS (90 mM), d) CTAC (190 mM), and e) 
DOPC (2x10'^ M). The linear absorption are plotted using solid lines, the fluorescence 
with dashed lines, where the thin lines are spectra obtained in the absence of ions, the 
thick lines correspond to spectra after the addition of 0.3 mM CaClj (SDS, CTAC), 1.0 
mM Ca^^ (water, TX), or 7 mM Ca^^ (DOPC). The absorption spectra were obtained in a 
10 cm pathlength cuvette, the fluorescence spectra in a 1 cm pathlength cell. The dye 
concentration was 1x10"^ M, except for case e) where it was 1x10 ® M. The absorption 
spectra in each environment are normalized to the peak £(no Ca'^^), the areas of the 
fluorescence spectra are normalized to rj .  



178 

The low fluorescence quantum yield of TPA-BAPTA in water can be put into 

context based on the results on the parent chromophore, CN-DSB. It was demonstrated 

in Chapter 4 that the fluorescence properties of CN-DSB are strongly effected by solvent 

polarity and that t] is significantly reduced in polar organic solvents and in ethanol. A 

micelle forming surfactant was added to the aqueous environment with the conjecture 

that the amphiphilic TPA-BAPTA molecules would intercalate into the micelles, and, in 

the less polar environment, become more fluorescent. This experiment was successful, 

and a large increase in the quantum yield with the addition of TritonX-100 surfactant was 

observed. This large difference in fluorescence intensity between the aqueous and 

micellar environments was utilized in a two-photon fluorescence microscopy experiment 

which demonstrated that the TPA-BAPTA chromophore could be used as a fluorescent 

membrane label.®' 

The absorption and fluorescence spectra of TPA-BAPTA were obtained in a 

number of micelle systems with different properties (Figure 5.3.4). The critical micelle 

concentration (CMC) is the concentration at which the surfactant molecules will 

spontaneously form organized structures and is generally determined by turbidity or light 

scattering measurements.'"^ The dielectric constants (2?) reported are measured using 

solvatochromic chromophores for which the changes in absorption of the probe in the 

micelle are related to changes in polarity from a calibration curve constructed from 

measurements in dioxane/water or alcohol/water mixtures.^®^'^^^ There can be differences 

in the absolute values reported depending on the chromophore used, what portion of the 

micelle is probed by the dye (i.e. the interface or interior), and what calibration method is 

used. However, the trends in micelle polarity appear to be consistent between different 

measurements. Microviscosity is generally determined by measuring a quenching or 

diffusion rate by fluorescence spectroscopy in the micelle as well as in a set of standard 
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s o l v e n t s T h i s  t e c h n i q u e  h a s  s i m i l a r  d i f f i c u l t i e s  a s  t h e  m e a s u r e m e n t  o f  t h e  

dielectric constant for absolute measurements, but produces reproducible trends between 

different surfactants. 
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Figure 5.3.4. Structures, critical micelle concentrations (CMC),^^^ dielectric constants 

(25)282, viscocities of surfactants used in the optical studies described in the text. 

The optical properties of the TPA-BAPTA were first studied in the presence of 

TritonX-100 (TX), which is a neutral surfactant molecule that forms large, oblate 

micelles  (half-axis  dimensions of  27 A x 52 A) each containing ~140 monomers.The 

interior of the TX micelle is fairly nonpolar, hydrophobic, and viscous. The absorption 

maximum of the TPA-BAPTA molecule in the TX micelles is at 440 nm, which is red-

shifted compared to the peak in water, and has an extinction coefficient of 3.9x10"^ M"' 

cm"\ which is larger than the value in water (see Figure 5.3.3b and Table 5.3.1). The 

fluorescence maximum of TPA-BAPTA in TX occurs at 546 nm, which is blue-shifted 

TritonX-100 
cmc = 0.3 mM !D = 30 

SDS 
cmc = 8 mM © = 55 

CTAC 
cmc = 0.9mM ® = 31 
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relative to than that of the dye in water. The fluorescence quantum yield of TPA-BAPTA 

in TX micelles increases to 0.14, which is more than one order of magnitude larger than 

that observed in water. It is interesting to note that the absorption and fluorescence 

maxima in TX are intermediate to the values obtained for TPA-BAPTA(E) in toluene and 

TPA-BAPTA in pure water, which is what one might expect for the environment within a 

simple micelle model, in which the micelle interior is rather hydrophobic with a limited 

degree of water permeability, and indicates the TPA-BAPTA dye is incorporated to some 

extent into the micelles. This data suggests that absorption shift of TPA-BAPTA anion in 

water is more strongly influenced by the environment rather than the potential reduction 

of the donor strength by the conversion of the esters to acids. The addition of 1.0 mM 

Ca^^ to the TPA-BAPTA TX micelle solution results in a slight blue shift of the 

absorption to 430 nm, as well as the appearance of an additional, weak band at higher 

energy. The extinction coefficient of the main band decreases by 10% to 3.5x10'' M"' 

cm ', a smaller relative change than was observed in water. The changes in fluorescence 

are also modest compared to the response of the dye in water, with only a 2 nm red shift 

of the peak and an increase in rj to 0.19 upon calcium ion binding. 

The spectra of TPA-BAPTA in sodium dodecyl sulfate (SDS) micelles is shown 

in Figure 5.3.3c. SDS forms anionic micelles in which the headgroups are negatively 

charged, and the micelle is surrounded by sodium counterions. SDS is the most polar of 

the three surfactants studied, with high water permeability, and a less viscous interior 

than TX. The SDS micelles are roughly spherical and have a 35.6 A diameter as 

measured by light scattering.At high counterion concentrations (> 0.5 M NaCl), the 

micelle can undergo a morphology change to form an oblong structure'"^'^®^ which has 

different solubilizing properties for hydrophobic chromophores. The studies described 

here were performed at much lower ionic strengths and without sodium buffers and so it 
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is expected that the system is in a spherical micelle regime and the physical parameters 

given in Figure 5.3.4 are appropriate. The absorption maximum of TPA-BAPTA in SDS 

micelles occurs at 433 nm with a slightly larger extinction coefficient (£=3.7x10" M"^ 

cm"') than in water. The fluorescence maximum is at 564 nm and the fluorescence 

quantum yield is 0.015. The linear spectra have intermediate peak positions, e, and rj to 

those for TPA-BAPTA in water and TX. This supports the assertion that the dye in the 

micellar SDS experiences a more polar, water permeable environment than in TX, but is 

still isolated from the bulk water environment. On addition of calcium ions (0.3 mM), the 

absorption maximum does not shift, although the extinction coefficient is decreased by 

11% to 3.3x10"^ M 'cm"', and a high energy feature appears. The fluorescence maximum 

blue shifts by 4 nm, and rj nearly doubles to 0.026. These changes suggest that the 

molecules are binding the calcium ions, in spite of the presence of the sodium 

counterions. 

Cetyltrimethylammonium chloride (CTAC) micelles have cationic headgroups 

and anionic counterions, and are similar in size and viscoscity to the SDS spherical 

micelles with a diameter of 43.4A.'^' However, the measured dielectric constant for these 

materials is much smaller than that for SDS and close to that of TX micelles.^^^ In the 

CTAC micelles, TPA-BAPTA has a linear absorption peak at 440 nm (Figure 5.3.3d), 

with a peak extinction coefficient of 3.6x10^^ M"' cm ' which are similar to the values 

obtained in the TX micelles. However, the fluorescence maximum is located further to 

the red (Af, = 588 nm) of the value for TPA-BAPTA in TX. Only very slight changes in 

the linear absorption at ~340 nm and fluorescence on the addition of 0.3 mM Ca^"^ was 

observed. No further studies were performed using this system due to the weak optical 

response to calcium ions. 
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Lipid bilayers are fluid, permeable to water, and possess hydrophobic 

interiors.^^®'^^^ It was proposed to study the optical properties of TPA-BAPTA in small 

unilamellar vesicles composed of l,2-dioleoyl-in-glycero-3-phosphocholine (DOPC) 

lipids as a more realistic model of a biological membrane. As a preliminary experiment, 

lyophilized DOPC lipids were added to water and sonicated for several hours, as 

prescribed in the literature.^^®'^^' However, the solutions always remained turbid, except at 

the lowest concentrations of lipid monomer. The experimental results shown in Figure 

5.3.3e were obtained using 2x10"^ M DOPC lipid monomer and 2x10 ® M dye. The 

extended tail on the long wavelength side of the absorption band is due to scattering from 

the lipid aggregates in solution. The linear absorption spectrum (maximum at 421 nm 

and E = 3.5x10'^ M 'cm"') is very similar to the one for the dye in water. Whether this is 

due to the larger water permeability of the DOPC aggregate, or the possibility that a 

fraction of the dye molecules are not incorporated in the lipid structure is unclear. The 

fluorescence maximum occurs at 582 nm, which is also closer to the value obtained in 

water than in TX. On addition of 7 mM Ca^^, the absorption maximum red shifts to 428 

nm. This differs from the blue shifts observed in aqueous solutions and in the micelle 

enviroments. The intensity of the absorption band exhibits a decrease in peak extinction 

coefficient of 23% (e = 2.7x10" M'^cm"') while a new feature appears at shorter 

wavelengths. The fluorescence maximum does not shift with addition of Ca^^, however, 

the fluorescence intensity increases by a factor of ~5. 

Preliminary spectrophotometric data give a value of the binding constant (K^) of 

TPA-BAPTA for calcium ions in water that is on the order of ^b~6x10^ M"'. This is a 

relatively weak binding constant for a BAPTA ligand, but is comparable to the values 

reported for specifically designed low affinity and is in agreement with 

having the BAPTA ligand attached to a dye which has strong electron withdrawing 
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groups, which reduce the donating strength of the BAPTA nitrogen that is part of the 

chromophore. Using this value of K^, we calculate that >99% of the dye is bound when 

the calcium ion concentration is 0.3 mM. However, it has been shown that the binding 

constants of molecular sensors can be affected by environmental parameters such as 

polarity and viscosity and are usually weaker under biological conditions than in buffered 

water solutions.As the change in absorption is smaller in the micelle 

environments (10-11% decrease in extinction coefficient) compared to water (23% 

decrease in absorption) for the same concentration of calcium ion, an environmental 

effect on the strength of the binding constant or a lower effective calcium ion 

concentration available to the dye, perhaps due to screening by the micelle. In order to 

confirm whether saturating ion concentrations were used, particularly in the micellar 

systems, we repeated the linear optical measurements at much higher (>50 mM) calcium 

concentrations. The linear absorption spectra at these high Ca^^ concentrations showed 

no changes with respect to the lower Ca^^ data for water, TX, and CTAC. The SDS 

surfactant precipitated out in the higher ion concentrations. Thus, even in the micelles, it 

appears that the binding sites in the TPA-BAPTA molecules are saturated for >0.3 mM 

[Ca^^]. This result implies that the optical spectra above are those for either the free dye 

or complexed dye, and that the sensitivity of the optical spectra to binding is smaller in 

the micelles. 
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Table 5.3.1. Linear Spectroscopic Data." 

TPA-BAPTA J (1) 
Albs e" K r\' 

environment: (nm) (10'' M-' cm"') (nm) 

ester form (toluene) 473 4.6 536 0.66 

water All  3.4 600 0.004 

water + Ca^'^ 425 2.6 592 0.03 

TXlOO 440 3.9 546 0.14 

TXlOO + Ca'^ 430 3.5 548 0.19 

SDS 433 3.7 564 0.015 

SDS+ Ca'^ 433 3.3 560 0.026 

CTAC 440 3.6 588 — 

CTAC-i- Ca^^ 440 3.6 590 — 

DOPC 421 3.5 582 — 

DOPC-I- Ca^^ 428 2.7 582 — 

" Data are reported for solutions in which [BAPTA-TPA]=lxlO'® M. All solutions are 
buffered with MOPS to pH 7.2. Surfactant concentrations, if used, are: [TX] = 10 
mM, [SDS] = 90 mM, [CTAC] = 190 mM, and [DOPC] = 2x10"' M. When present, 
[Ca'1 is 1.0 mM (water and TX); 0.3 mM (SDS, CTAC); 8 mM (DOPC). 
The one-photon absorption maxima, extinction coefficients, e, were 
measured in a 10 cm pathlength cuvette. The error in s  is ~5-10%. 

The fluorescence maxima, Af,, and quantum yields, r] ,  were measured in a 1 cm 
pathlength cuvette. The excitation wavelength was 400 nm and the reference 
compound was 9,10-bis(phenyl-ethynyl)anthracene."^^ The error in 7] is ~15%. 

5.3.4 Two-Photon Absorption Spectroscopy 

The two-photon action cross section (176) for TPA-BAPTA in water is very weak, 

and exhibits an rjd value of about 0.5 GM at 820 nm, due in part to the low fluorescence 

quantum yield (Figure 5.3.5a and Table 5.3.2). Using the quantum yield reported in Table 

5.3.2, a value of 6 ~170 GM is calculated for the two-photon absorption cross section of 

TPA-BAPTA in water at 820 nm. No two-photon absorption band can be resolved over 
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the noise in the data, and this value is highly uncertain where the error in the 

measurement is estimated to be ±50%. This is a much smaller value than was obtained 

for TPA-BAPTA(E) in toluene (620 GM), and could be due to hydrogen bonding by the 

solvent to the amine nitrogen that reduces the donor strength of the amine group in water 

compared to the ester in toluene. With the addition of calcium (for 0.8 mM or 100 mM, 

the two spectra are identical within experimental error), r75increases, especially at 

shorter wavelengths, approaching 3 GM at 720 nm, a six-fold increase in detected signal. 

The spectra suggest that the peak of the two-photon transition for the TPA-BAPTA 

calcium complex is at shorter wavelengths, outside the measurement range, perhaps due 

to reduced donor strength and a reduced intramolecular charge transfer upon ion binding 

or to the symmetry breaking that occurs on ion binding. Attempts to measure the two-

photon spectrum at shorter wavelengths using nanosecond excitation were not successful 

because the signal did not exhibit a quadratic dependence on excitation intensity even at 

very low powers, and so this feature could not be explored further. Using the measured 

quantum yield (rj =0.03), for the TPA-BAPTA calcium complex in water, 6 is calculated 

to be 100 GM at 720 nm and 5 =53 GM at 820 nm. This reduction in <5 from that of the 

free TPA-BAPTA is consistent with what is expected when the nitrogen donors are 

involved in ion binding, reducing the degree of intramolecular charge transfer (ICT) in 

the molecule. Unfortunately, the contrast in detected fluorescence between the bound 

and unbound species is not large, for although there is a more than tenfold increase in the 

fluorescence intensity with ion binding, this is accompanied by a decrease in 8, and the 

two effects work against each other. Also, the very small detected signals (r]8) do not 

represent an improvement over commercially available sensors which are designed for 

one-photon excitation, such as Indo-1. 
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In order to increase r]8,  the molecules were incorporated into micellar solutions 

and the two-photon absorption properties of TPA-BAPTA were studied. The analysis of 

these spectra is based on a few assumptions about the partitioning of the molecule 

between the micelles and the aqueous phase. Any dye that is present in the aqueous 

phase should contribute only weakly to the detected signal, but would change the 

effective dye concentration in the micelle. In the following, it is assumed that all of the 

TPA-BAPTA dye is incorporated into the micelles. This is reasonable, given that in the 

two-photon fluorescence experiments, there is one TPA-BAPTA molecule per 6.6 TX 

micelles (each micelle has contains approximately 140 TX monomers^^^). Titration of 

TPA-BAPTA with TX shows that the fluorescence intensity no longer increases once 

there is a ratio of 1 dye per 3.5 TX micelles,^'® suggesting that all of the dye is 

incorporated. Additionally, in the following discussion and calculation of 6, it is assumed 

that the partitioning of the dye between the micellar and aqueous phases does not change 

as a function of calcium ion concentration. 
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Figure 5.3.5. Two-photon action spectra of BAPTA-TPA (1x10'^ M) in a) water, b) 
TX micelles (8 mM), c) SDS micelles (190 mM), and d) DOPC (2x10"^ M). Open 
squares are data for the dye without ions, filled squares are the data with 0.8 mM (for 
water, TX, and SDS) or 8 mM (DOPC) [Ca^"^]. The data were obtained using fs pulse 
excitation and the reference compound used was fluorescein. 

The two-photon action spectrum of TPA-BAPTA in TX in the absence of ions has 

a broad maximum centered at ~780 nm and a more substantial two-photon action cross-

section of nearly 80 GM compared to that obtained in water (Figure 5.3.5b). Taking into 

account the quantum yield, <5 is calculated to be 500 GM at 720 and 820 nm, which is 
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relatively close to the value obtained for TPA-BAPTA(E) in toluene than for the anion in 

water. This is consistent with the dye molecules being incorporated into the TX micelle 

environment. The result suggests that the very low value of 6 in water for the TPA-

BAPTA molecular sensor is most likely due to hydrogen bonding effects between the 

solvent and amine groups. Addition of calcium ions (0.8 mM) to TPA-BAPTA in TX 

micelles results in complex behavior (Figure 5.3.5b). There is a small feature at 820 nm 

(r}d= 61 GM), and a stronger one at shorter wavelengths, the peak of which was not 

resolved (176=130 GM at 720 nm). The change in rjd between the unbound and bound 

molecules from 750-850 nm is not large, although there are changes in the shape of the 

spectra. This is because the changes in r] and S that occur on ion binding nearly 

counterbalance each other. 

The magnitude of the two-photon action spectrum in SDS is lower than that in 

TX, due largely to changes in the fluorescent quantum yield (Figure 5.3.5c). In the 

absence of calcium, r]d is 8 GM at 820 nm, but, unlike the spectra of TPA-BAPTA in 

water and TX in the absence of Ca^^, there is also a stronger feature at shorter 

wavelengths (776 is 12 GM at 720 nm). One potential explaination for this higher energy 

peak is the binding of the sodium counterions by the TPA-BAPTA molecule. This 

binding constant should be much weaker than the binding constant of calcium and so 

when calcium is added to the system, the Ca^"^ could displace the Na^ and perturb the 

electronic state of the molecule more extensively than the sodium ions due to the higher 

charge density ion the ion. Experimentally, it is observed that with the addition of 0.8 

mM Ca^^, 776 of both peaks appear to increase to 12 and 15 GM at 720 and 820 nm 

respectively. 176 for the bound and unbound molecules are nearly identical in the 

wavelength range of 720-800 nm, and differences occur only at longer wavelengths. 
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The two-photon action spectrum for the dye in DOPC (Figure 5.3.5d) without 

calcium has a higher rjd than the dye in water, but less than in the other micelles studied. 

This could be explained by the large water permeability of the vesicle, which quenches 

the fluorescence, or more likely, by the incomplete incorporation of the dye into the lipid 

aggregates as the ratio of dye molecules to lipid monomers is very high. The action 

spectrum is peaked at ~820 nm. On addition of calcium, the detected signal increases 

and once again, a feature at blue wavelengths is observed. As the change in 176 is less 

than the 5-fold increase in 77 on ion binding, it is reasonable to deduce that 6 is smaller 

for the TPA-BAPTA calcium complex than the free TPA-BAPTA molecule. 

5.3.5 Discussion 

In many cases, the chelation of a calcium ion by the BAPTA ligand involves 

torsion about the nitrogen-phenylene bond which is para to the chromophore.'°^ This 

geometric rearrangement reduces overlap of the nitrogen lone pair to the jr-backbone 

resulting in a blue shift in the absorption spectrum and reduced ICT. For many 

chromophores, there is only a weak shift in peak position of the fluorescence spectrum, 

although changes in the quantum yield can be large. The reasoning for the smaller 

changes in fluorescence peak position can be explained by similar arguments to those that 

were made for the crown ethers in the previous section, namely, that there is reduced 

interaction between the nitrogen and cation in the excited state due to Coulombic 

repulsion. The linear spectroscopy presented above for TPA-BAPTA indicates that this 

molecule interacts with calcium ions in all of the systems studied with the exception of 

CTAC micelles. For the TPA-BAPTA molecule in water, the changes in the optical 

spectra are consistent with a decrease in the intramolecular charge transfer in the 

molecule as a consequence of binding to a calcium ion: specifically, the blue shift in the 
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linear absorption and decrease in e,  the decrease in 6 around 820 nm, and the appearance 

of a stronger two-photon absorption transition at higher energy. 

The optical changes in the linear absorption and fluorescence spectra of the 

molecule on ion binding are smaller for the dye in micellar systems compared to those 

obtained in water for the same ion concentration. This leads to the conclusion that the 

TPA-BAPTA dye is a less sensitive molecular sensor when in a micelle. This lowered 

sensitivity could be ascribed to several potential reasons. One is that the micelles 

"screen" the dye from the ions, so that the effective ion concentration is lower in the 

regions probed by the molecular sensor. A second possibility is that the environment of 

the micelle impedes the geometric reorganization of the ligand which is needed for 

chelation of the calcium ion. This would have two effects: firstly, the binding constant 

would be reduced significantly as potentially only two or three arms would be in close 

proximity to the ion; and secondly, is that the reduced rotation of the nitrogen atom 

relative to the chromophore backbone would give a smaller change in ICT and optical 

properties. Higher ion concentrations do not give rise to additional changes in the optical 

spectra, and so it is believed that the binding sites are saturated for both the low and high 

calcium experiments, suggesting that the weaker response is not just due to a simple 

screening of the ions from the micelle-water interface. 

The two features in the two-photon excitation spectra of TPA-BAPTA in the 

micelles are hypothesized to be due to two populations of dye in the micelle. That is, a 

fraction of the dye is in the unbound form and gives rise to the feature centered around 

820 nm, which is very similar to that of the ester in toluene, while the remaining 

molecules are in the bound form and account for the feature at shorter wavelengths 

(< 730 nm). However, the attempt to change the fraction of the bound dye by using 

higher Ca^"^ concentrations (100 mM), resulted in the same spectra as shown in Figure 
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5.3.5b. The dual population hypothesis presented above could still be applicable if a 

portion of the molecules are buried in the micelle interior such that ion binding is not 

possible, either due to steric hindrance or low ion transport into the micelle interior, and 

the remainder of the molecules are located closer to the interface where binding is 

possible. This could be the case for the dye in TX micelles, which are large oblate 

aggregates with half axis measurements of 27 by 52 A. Assuming that the TPA-BAPTA 

molecule is ~ 30 A long (the X-ray structure for compound 2 in Chapter 3 gives the 

distance between the two donor nitrogens as 19.48 A, and 4-5 A is allotted for the 

endgroups), there are several potential ways for it to be incorporated into the TX micelle. 

SDS micelles are much smaller with a diameter of 36 A and so it is difficult to envision 

multiple configurations of the dye in these structures. Unfortunately, it was not possible 

to obtain high Ca^^ spectra due to solubility limitations. 
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5.4 Conclusions 

A two-photon chromophore substituted with two different metal ion receptors has 

been demonstrated to exhibit changes in the one-photon and two-photon absorption and 

fluorescence properties with ion binding. In the aza-crown ether substituted compounds, 

where the nitrogen donor group is also a part of the ion binding group, binding a 

magnesium ion results in a decrease in the intramolecular charge transfer in the 

chromophore which is manifested as a blue-shift and decrease in the strength of both the 

one-photon and two-photon absorption cross-sections. There are also changes in the 

fluorescence properties of the molecule with ion binding which indicate that the crown 

ether magnesium interaction is weaker in the excited state than in the ground state, 

although it is unlikely that the magnesium ion is fully ejected from the crown. The two-

photon action spectra for CRl and CR2 show strong two-photon signals in acetonitrile 

with r}6> 150 and 400 GM for CRl and CR2, respectively, a significant improvement 

over currently available chromophores. Quantum chemical calculations on CR2 show 

that the decrease in two-photon absorption cross section is primarily due to decreases in 

as a result of the partial deactivation of the donor group. It was found that the optical 

response of CRl is sensitive to magnesium ion concentrations less than 2 mM and the 

contrast in detected signal between the CRl and CRlrMg^^ species is somewhat larger for 

two-photon excitation than one-photon excitation over the spectral regions examined. 

For the TPA-BAPTA molecule, as for the crown ether molecules, ion binding 

decreases the intramolecular charge transfer in the chromophore, resulting in small blue-

shifts in the linear absorption spectrum and a decreased extinction coefficient, as well as 

a new band at higher energies. The changes in fluorescence for this chromophore in 

water on ion binding are dramatic, with a ten-fold increase in the quantum yield in the 

presence of water. The two-photon action spectra of the dye in water is very weak, and 
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the addition of calcium ions results in a larger blue shift of the two-photon transition than 

seen for the one-photon case. However, there is only a 6 fold increase in 176 at the 

shortest wavelengths since rj and <5 are changing in different directions and counteract 

each other. The sensitivity of TPA-BAPTA to calcium ions is less in micellar 

environments than in the aqueous phase, and the two-photon spectra show evidence for 

two populations of dye in the micelle. These effects could be explained if the micelle 

hinders the geometric reorganization of the ligand required for ion binding, such that 

those dyes which are embedded more deeply in the micelle do not complex ions. 

The design scheme for molecular sensors in which the ion binding event changes 

the photoinduced intramolecular charge transfer in the chromophore clearly can be 

applied to the design of D-A-D two-photon absorbing molecular sensors. 5 depends not 

only on but also on which shows the strong sensitivity to the effective donor 

strength and is the parameter in the three-level model which is most strongly affected by 

ion binding. The presence of this additional, ion sensitive parameter offers the potential 

for development of nonlinear molecular sensors with unprecedented sensitivity. 
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CHAPTER 6: SUMMARY AND CONCLUSIONS 

For conjugated organic chromophores, the magnitude of the two-photon 

absorption cross section can be correlated with the degree of intramolecular charge 

transfer and transfer distance that occurs on excitation. The addition of electron donor 

and acceptor groups to extended Jt-backbones has resulted in chromophores with very 

large two-photon absorption cross sections for both asymmetrically and symmetrically 

substituted chromophores as summarized in Chapter 1. However, many areas remain to 

be considered for a better understanding of the effect of the geometric and electronic 

structure of the chromophore on the two-photon spectroscopic properties. This work 

addresses several issues including how torsion and disorder in the n-backbone influence 

the two-photon properties of phenylene vinylene oligomers. Preliminary work on multi-

chromophore networks raises questions on how the linkages between chromophores 

affect the electronic coupling and optical spectra particularly with respect to non-

planarity between chromophore units. Furthermore, the role of external perturbations on 

the intramolecular charge transfer and optical properties of the chromophore by the 

polarity of the solvent environment have been addressed. Additionally, the spectroscopic 

and binding properties for two-photon chromophores which have been covalently 

attached to functional groups with the ability to bind metal ions have been examined as a 

means to modulate the two-photon absorption properties and, potentially, for use in two-

photon fluorescence imaging. The results discussed in these Chapters gives new insights 

which can be utilized in the design of new active or functional chromophores. 

The effects of torsional motions and non-planarity of the Jt-backbone can strongly 

affect the two-photon properties of phenylene-vinylene based chromophores. The non-
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planarity of the n-system diminishes the conjugation in the molecule and reduces the 

coupling between the donor and acceptor groups. The investigations on the one- and 

two-photon properties of di(styryl)benzene derivatives with terminal amino donor groups 

and cyano acceptors, substituted either on the central phenyl ring or on the adjacent vinyl 

groups, demonstrates that the position of the cyano group has a significant effect on the 

geometry of the molecules, and the optical spectroscopy in these chromophores. The X-

ray crystal structures show that the angle between the terminal phenyl rings and the 

central phenylene is ~30° larger for the molecule with cyano substitution on the vinylene 

bond than for the molecule with the cyano group substituted on the central ring, although 

neither of the cyano substituted di(styryl)benzenes are planar. The position of the one-

and two-photon absorption bands are blue shifted for the vinyl substituted molecules 

compared to the phenyl substituted molecules and the fluorescence quantum yields and 

lifetimes are strongly affected by the different substitution positions of the cyano group. 

The two-photon absorption cross section for vinyl substituted molecules (6 = 890 GM) is 

lower than that for phenyl substituted molecules (5 = 1750 GM), and similar to the values 

obtained for D-Jt-D molecules. These spectroscopic differences can be related to the 

donor-acceptor distance in these molecules and to the degree of torsion in conjugated 

backbone. Clearly, the presence of additional electro-active groups on the chromophore 

is not the only factor in determining the optical properties of the chromophore, and can 

have additional influences on the geometry of the molecule which counteract the desired 

outcome of a large two-photon cross section. To design molecules with an optimized <5, 

the molecular backbone should remain nearly planar when substituted with donor and/or 

acceptor groups to maximize the electronic coupling and the intramolecular charge 

transfer in the chromophore. 
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This work contains the first reported measurements of the two-photon 

fluorescence excitation spectra as a function of solvent polarity. The class of quadrupolar 

chromophores studied interact with the polar solvents to produce significant changes in 

fluorescence maximum and intensity and an enhancement of the two-photon absorption 

cross section of up to a factor of 2 compared to values in non-polar solvents. The two-

photon chromophores SB, DSB, and CN-DSB show a systematic increase in d as the 

polarity of the solvent is increased with negligible changes in the transition energy. The 

changes in d appear to correlate with the increased ground state polarization in the 

chromophore induced by the solvent polarity, in agreement with earlier computational 

studies. The theoretically predicted optimization of 6 with ground state polarization was 

not experimentally observed. In contrast, the one-photon absorption transition strength is 

relatively constant with solvent polarity. The implication of these results is that the 

ground state of the chromophore is in a weakly polarized regime in the polarities studied. 

The one- and two-photon induced emission spectra are very similar to each other, 

regardless of the excitation method. The fluorescence changes dramatically in solvents 

of increasing polarity, in which a red-shift and reduced fluorescence quantum yield in 

polar solvents are observed. These shifts in emission transition energy are attributed to 

the coupling of the molecular quadrupole moment (in which the charge distribution can 

be described as a "double dipole") and the solvent dipole moments in a classical reaction 

field model. Optical studies in viscous solvents of low and high polarity showed the 

same behavior as non-viscous solvents of similar polarity, indicating that large scale 

torsional motions in the chromophore (such as those associated with TICT states) are not 

likely to be solely responsible for the changes in fluorescence spectra of these molecules, 

although additional experiments are needed to characterize the nature of the emitting state 

in polar solvents. The modifications in the linear optical properties are significantly 
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larger than was anticipated for chromophores with no static dipole moment. This 

information is significant for designing chromophores for biological imaging 

applications, in which there are large gradients of environmental polarities. 

The optical properties of a new class of two-photon chromophores which have 

been specifically designed to complex metal ions have been reported and discussed. 

These molecular systems include a chemical moiety with the ability to bind metal ions 

incorporated as one (or both) of the donor groups in a D-A-D two-photon excitable 

molecule. If the optical properties are modified by the presence of ions, these systems 

have potential as two-photon excitable ion sensors. For example, when one monoaza-15-

crown-5-ether macrocycle is bound to a TPA chromophore, the two-photon induced 

fluorescence signal r}d (17 is the fluorescence quantum yield) decreases by a factor of 7 (at 

810 nm) upon addition of 2 mM Mg^^ in acetonitrile. If both donor groups are substituted 

with crown ethers, there is a factor of 16 decrease in rjd in the presence of physiological 

concentrations of Mg^^. As r] exhibits only small changes on ion binding, the contrast is 

chiefly due to a reduction in 6, due to decreased intramolecular charge transfer from the 

nitrogen lone pair which is involved in ion binding. Computational studies support that 

the nitrogen atom is partially deactivated with respect to the 7i-system on ion binding, and 

that a weaker two-photon transition exists at higher energy, outside of the experimental 

measurement range. Molecules incorporating the BAPTA ligand (l,2-bis(o-

aminophenoxy)ethane-A^,A^,A^,A'^'-tetraacetic acid) are water soluble and exhibit a 5-fold 

enhancement of r]d upon calcium binding at 720 nm. The enhancement in the 

fluorescence intensity in aqueous environments on binding calcium ions is a factor of 10, 

such that 8 is decreased by a factor of two. The fact that rj and 5 change in opposite 

directions, reduces the sensitivity of the detected signal to calcium ions compared to the 

potential enhancement factor of 20 if both rj and 6 increased in the bound species. 
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Changes in the TPA properties of TPA-BAPTA upon binding Ca^"" in micellar systems 

are also observed in which the contrast is smaller than in observed in water, possibly due 

to steric hindrance by the micelle toward the geometric reorganization of the BAPTA 

ligand which isn ecessary for the complexation of the ion. The two-photon spectra 

obtained in Triton X-100 and sodium dodecylsulfate micelles suggest that there are two 

populations of TPA-BAPTA, and that one population may not be binding cations with a 

high efficiency. The changes in the optical properties of these potential two-photon 

molecular sensors are due to the changes in the electronic configuration in the 

chromophore due to the interaction of the nitrogen donor with the ion. The ability to alter 

the two-photon absorption properties of the chromophores through a binding event offers 

a route for the design of ion binding molecular sensors for two-photon fluorescence 

microscopy applications. 

In all of the perturbations of the geometric and electronic configurations described 

above (distortion from planarity, solvent polarity, and ion binding), the parameter in the 

three-level model that is most affected by the variation is M^^,. Previous works have 

determined that this parameter is sensitive to the donor and/or acceptor strength of the 

substituents, and thus the degree of intramolecular charge transfer. This work 

demonstrates that is also sensitive to non-synthetic modification, and is most 

responsible for the changes in the two-photon absorption cross section that have been 

observed. As is dependent on the electronic nature of the excited states of the 

chromophore, the changes in the two-photon spectra cannot be predicted from the one-

photon behavior of the chromophore. Additionally, the dependence of the two-photon 

properties on the nature of the excited states e and e', allows for the possibility that two-

photon absorption can be more sensitive to perturbations than the one-photon excitation 

in these types of chromophores and suggests that the quadrupolar design strategy for two-
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photon absorbing chromophores is interesting for new types of functionalization and 

sensing. 

A clear application of the results obtained in this work is the development of these 

chromophores for biological imaging. The significant dependence of the two-photon 

absorption and emission in different environments would allow for membrane staining 

although the nature of the emitting state needs further study and characterization. Studies 

of the response of these chromophores to an applied electric field could be very 

interesting measurement of a potential two-photon Stark effect. The strong dependence 

of the two-photon response to ion binding, when an appropriate functionality is 

incorporated into the jt-system, is promising. Additional work on the two-photon 

molecular sensors for ion binding could be very interesting, particularly in designing a 

sensor in which the receptor group is part of the electron accepting portion of the 

chromophore in order to enhance 6 on ion binding. Although the basic principle of two-

photon absorbing ion sensors has been demonstrated, engineering a functional sensor is 

distant. 

A major drawback to the phenylene-vinylene chromophores is the lack of water 

solubility. Although this could potentially be overcome by substitution, the optical data 

for TPA-BAPTA in water suggests that there are strong solvent interactions with the 

chromophore, which results in a reduced two-photon cross section. Extending the 

knowledge gained through the studies reported in this work to a water soluble molecular 

system is a challenging task which remains to be addressed. 
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APPENDIX A: TWO-DIMENSIONAL TWO-PHOTON CHROMOPHORES: 

TETRAKIS SUBSTITUTED BENZENE DERIVATIVES 

A.l. Introduction 

As was discussed in Chapter 1, recent research has focused on linking two-photon 

absorbing chromophores in new geometries, and significant work has been performed on 

octupolar chromophoresmulti-branched chromophores/^ and dendrimers/^'^"'^®^ The 

published data indicate that the linkage between the chromophore units is critical to 

obtaining a super-linear increase of d with the number of chromophore units for the 

macromolecule. It has been proposed by Beljonne, et based on computational 

studies, that coupling of the three arms of octupolar chromophores through a shared 

molecular core is necessary for obtaining large values of 6. Lee, et calculate that 6 

changes in a monotonic way with donor and acceptor group strength for octupolar 

chromophores. Calculations by Macak, et also support that 6 can be enhanced by 

coupling of chromophore units linked together. 

Two-photon chromophores with a new architecture of the :jt-system were 

synthesized by the Marder group along with the linear analogues for comparison. As 

seen in Figure A.l, three tetrakis-substituted aromatic rings have been synthesized with 

different donor/acceptor configurations. These chromophores can be thought of as being 

constructed by the linking, in two dimensions, of two D-Jt-D (or D-A-D) chromophores 

or a D-:t-D and an A-:jr-A chromophore. Chromophore Ph-4D has a central phenyl ring 

substituted in positions 1, 2, 4, and 5 with four diethylamino-styryl groups. The same 

backbone has also been substituted with alternating donor (diethylamine) and acceptor 

(nitro) groups to obtain Ph-2D2A. A-DSB is a bis-nitro substituted linear chromophore 
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that, except for the alkoxy substituent on the central ring, is equivalent to one of the linear 

"branches" of Ph-2D2A. The other "branch" is equivalent to DSB. A third two-

dimensional chromophore is Py-4D, in which a pyrazine ring, which can act as an 

electron accepting group, is substituted with four diethylamino-styryl groups, ans Py-

DSB is its one- dimensional analogue. 
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Figure A.l. Molecular structures for optical investigation. 

By extending a linear chromophore in two dimensions, it is possible that the 

additional axis for intramolecular charge transfer, and the reduced Coulombic repulsion 

in the center of the chromophore, will result in molecules with large two-photon cross 

sections. The research goals for this project include the study of the linear and two-

photon optical properties of these chromophores to assess this new molecular architecture 

for two-photon absorbing chromophores with large cross sections and to gain insight into 
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the role of electronic coupling between chromophore units and the role of that coupling 

on the potential enhancement of the two-photon cross section. 

A.2 Results 

A.2.1 Linear Absorption and Fluorescence Spectroscopy 

The normalized absorption and emission spectra for the six chromophores in 

toluene are shown in Figure A.2.  The spectroscopic parameters  are given in Table A.l .  

For the three linear chromophores, the absorption maximum of Py-DSB is at longer 

wavelengths (462 nm) than for DSB (412 nm), consistent with the heterocycle acting as 

an electron acceptor (D-A-D type molecule), whereas the linear absorption maximum for 

the A-DSB chromophore (A-D-A type motif) is intermediate (437 nm). The extinction 

coefficient, e, for the A-DSB chromophore is significantly lower (4.5x10'* M'^cm ') than 

for the other two linear chromophores, which have e = 7.6x10'' M'Vm ' and 7.3x10'' 

M"^cm'\ for DSB and Py-DSB, respectively. All three molecules have somewhat 

structured emission spectra with high fluorescence quantum yields. 

The absorption and fluorescence spectra of the two-dimensional chromophores 

differ in many respects from those of the corresponding linear chromophores. The peak 

of the absorption spectrum of Ph-4D is blue shifted to 392 nm relative to that of DSB. 

There is also a change in the shape of the absorption band which exhibits a low energy 

shoulder at ~450 nm and is considerably broader than the DSB band, e increases to 

9.7x10'' M"'cm"\ which is 1.3 times higher than that measured for DSB. The 

fluorescence maximum shifts by a comparable amount but to the red, and the spectrum 

shows less vibronic structure. However, the quantum yields for these linear and two-

dimensional chromophores are the same (0.80) 
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Figure A.2. Linear absorption (solid line) and emission (dotted line) spectra in 
toluene for the six chromophores of interest, normalized at the peak wavelengths. 
The spectra for A-DSB were provided by Dr. Mariacristina Rumi. 
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The differences in the absorption spectra for Py-4D and Py-DSB are dramatic. 

The absorption peak of the tetrakis chromophore shows again a small blue shift to 452 

nm compared to the linear analogue, but has a completely different shape, the spectrum 

of Py-4D being very broad with a shoulder at ~420 nm and a second peak at 500 nm. The 

peak extinction coefficient increases to 8.7x10'* M''cm"\ The spectral shape of Py-4D is 

not consistent with a simple progression of vibronic bands. This band could result from 

the transitions to two states obtained by coupling the e states of the two linear molecules. 

The relative intensities of the vibronic components in the fluorescence spectrum are 

different in the two-dimensional molecule compared to Py-DSB. There is a slight 

decrease in the fluorescence quantum yield of Py-4D to 0.55 compared to the value for 

Py-DSB. 

The Ph-2D2A chromophore has an absorption maximum at 394 nm, and a weak 

shoulder at ~480 nm with a peak extinction coefficient of 8.7x10'^ M"'cm"'. The energy 

spacing between the peak and the shoulder (~480 nm) is quite large and it is unlikely that 

these spectral features are due to different components of the same electronic transition. 

For the three tetrakis chromophores, the "Davidov" like splitting between the absorption 

maximum and low energy shoulder is approximated to be 0.2 eV for Ph-4D, 0.3 eV for 

Py-4D, and 0.6 eV for Ph-2D2A. This splitting can be related to the magnitude of the 

coupling of the electronic states of the linear analogues and is seen to increase with the 

strength of the donor acceptor interaction. An absorption spectra with a similar shape has 

been reported for an analogous compound in which the central phenyl ring is replaced by 

a paracyclophane group such that the two linear components lie in parallel planes, instead 

of on the same plane, as in Py-2D2A.^'^° In the Ph-2D2A molecule the fluorescence is 

very weak (?7~0.03) with a maximum at 650 nm, resulting in a very large Stokes' shift 
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and may be consistent with a low lying Ag state. This behavior is clearly different from 

that observed in any of the other molecules of this series. The excitation spectra all three 

2D chromophores are identical to the absorption spectra. 

Table A.I. Linear spectroscopic data for linear and tetrakis chromophores." 

Molecule J (1) 
Aabs 
(nm) 

£ 

(10' M 'cm 1) 
A/gg 
(D) (nm) 

n 

DSB 412 7.6 10.5 455 0.80 

Py-DSB 462 7.3 11.1 516 0.64 

A-DSB' 437 4.5 9.1 508 0.82 

Ph-4D 392 9.7 15.3 476 0.80 

Py-4D 452 8.7 16.8 563 0.55 

Ph-2D2A 394 8.7 15.3 650 0.03 

" The data were all obtained in toluene. reported are for integration over the full 
absorption band. Quantum yields were obtained under the following conditions; 
Ag^=430 nm for A-DSB, Py-DSB, and Py-4D and Aj^=400 nm for Ph-2D2A with 9,10-
bis-(phenyl-ethynyl)-anthracene in cyclohexane as the reference compound"^' and 
Ag^=350 nm with 9,10-diphenyl-anthracene as reference.''*' 

^ The data for this molecule was provided by Dr. Mariacristina Rumi. 

The extinction coefficients of the tetrakis-subtituted chromophores are all about 

1.2-1.3 times higher than those measured in the linear analogues. However, with the 

changes in absorption spectral shape, it is more appropriate to compare the transition 

dipole moments, for the different chromophores. These were calculated according to 

eq. 2.15 where the full absorption band has been integrated. It has been shown for other 

phenylene-vinylene molecules^' that oc VAT, where N is the total number of double 

bonds in the molecule (phenyl rings are assumed to be equivalent to 1.5 double bonds). 

If this relationship were to hold true for the tetrakis-substituted chromophores, the ratio 
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between the transition moment of the two-dimensional chromophore and the 

corresponding linear molecule should be 1.33. The experimental values for these ratios 

are all around 1.5, slightly larger than the values expected for this relationship. 

A.2.2 Two-Photon Absorption Spectroscopy 

The two-photon induced fluorescence excitation spectra were measured for the six 

chromophores and are shown in Figure A.3 (values are reported in Table A.2). The linear 

chromophores are all good two-photon absorbers with peak two-photon cross sections 

larger than 500 GM. The two-photon bands for both the D-A-D chromophore (Py-DSB) 

and A-D-A (A-DSB) are red-shifted compared to that of DSB, as was the case for the 

one-photon absorption transition. The cross section of Py-DSB is very large, as has been 

observed for other D-A-D chromophores, but the value for A-DSB is lower than that for 

DSB. The Ph-4D chromophore has a two-photon transition at similar energy to that of 

the DSB dye, whereas its peak two-photon absorption cross section is only one third of 

that of DSB. In contrast, Py-DSB and Py-4D have very similar two-photon spectra in 

terms of both energy and magnitude. For Ph-2D2A, there is a transition at blue 

wavelengths (~710 nm) which is similar in energy to the transitions for both DSB and 

A-DSB, albeit of smaller magnitude. Interestingly, the spectrum of Ph-2D2A has a 

second feature with a moderate (280 GM) cross section at 830 nm which is not present in 

the spectra of either of the linear pieces and which must be due to a transition to a new 

electronic state. 
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Figure A.3. Two-photon induced fluorescence excitation spectra in toluene measured 
with fs pulses (>710 nm) and amplified fs pulses (<730 nm for Py-4D) referenced 
against fluorescein. The spectra for A-DSB were provided by Dr. Mariacristina Rumi. 

The excited state transition dipole moments can be calculated from equation 2.16. 

The values obtained for the linear chromophores are similar to values reported previously 

for substituted distyrylbenzenes and polyenes.^'' The values for the tetrakis chromophores 

are much smaller. It should be noted that the equations given in Chapter 2 for this 

calculation are based on the assumption that the transition moment only has contributions 
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in one direction, as appropriate for linear molecules. As such, this may not be the 

appropriate formalism for describing molecules in which there is more than one axis for 

intramolecular charge transfer. 

Table A.2 Two-photon spectroscopic parameters. ° 

Molecule 8 
(nm) (GM) 

DSB 730 790 10.1 

Py-DSB 780 1690 13.3 

A-DSB 740 500 8.8 

Ph-4D 710 280 4.6 

Py-4D 800 1430 9.0 

Ph.2D2A 
710 330 5.0 

Ph.2D2A 830 280 6.3 
The data reported here are obtained using femtosecond pulse excitation and 
fluorescein as a reference compound.^^ 
M^. was calculated using the three-level model as described in Chapter 1. Due to the 
symmetry of the molecules, this may not be an appropriate approximation. See text 
for details. 

A.2.3 Molecular Structure Determination 

To determine the molecular conformation of Ph-4D and Py-4D, single crystals 

were grown by dissolving the dye in boiling toluene, and allowing the solution to cool 

slowly to room temperature. The crystals were sent to Larry Henling at the California 

Institute of Technology X-Ray Crystallography Facility for analysis. Preliminary 

structures for the two compounds have been obtained^'® and show that Ph-4D is distorted 

from planarity much more strongly than Py-4D. Specifically, for Ph-4D the angle 

between the planes of the central ring and the terminal rings are measured to be 33.7°, 
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24.1°, 45.6°, and 36.9° and the four arms are not equivalent. For the Py-4D 

chromophore, there is a center of symmetry and the two non-equivalent angles between 

ring planes are 24.4° and 1.8°, such that a portion of the molecule is nearly planar. 

The highly distorted nature of Ph-4D is not surprising as one might expect steric 

hindrance between the hydrogens on the central ring and the vinyl hydrogens. This steric 

repulsion should not be present in the Py-4D compound as there are no hydrogens on the 

unsubstituted positions of the central ring. Moreover, the lone pair on the nitrogen of the 

pyrazine could interact with hydrogen atoms on the vinylene bridge to favor a more 

planar configuration. 

A.2.4 Quantum Chemical Calculations^^^ 

Quantum chemical calculations have also been performed to elucidate the 

molecular geometries and optical properties of these tetrakis chromophores. Calculations 

of the equilibrium geometry for these chromophores is difficult as phenylene-vinylenes 

have very flat torsional potentials. The optimized geometries calculated at both the AMI 

and DFT level (see Section 5.2.6 for a description of the methods) are characterized by a 

;t-system that is more planar for Py-4D than Ph-4D, but both methods underestimate the 

torsional angles relative to the crystallographic data. The calculations of the optical 

properties of the two-dimensional chromophores are currently under way. 

A.3 Discussion 

The linear absorption spectra of the tetrakis chromophores show very different 

behavior than the linear analogues, suggesting that there is an effective interaction 

between the two linear portions of the tetrakis chromophores. It is interesting that the 

fluorescence quantum yields of DSB and Ph-4D, and Py-DSB and Py-4D are very 
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similar. The notable exception is the Ph-2D2A chromophore, which has an extremely 

low quantum yield. Assuming that the jr-system has similar structure to that of Ph-4D, 

deviation from planarity should not be the primary reason for the low quantum yield. 

Optical data on an analogous molecule in which a D-jt-D molecule (4,4'-dihexylamino-

distyrylbenzene) and an A-Jt-A molecule (4,4'-dinitro-distyrylbenzene) are coupled 

through a [2.2]paracyclophane ring has recently been reported.The absorption spectra 

of this molecule is very similar to the Ph-2D2A molecule discussed here. For the 

paracyclophane compound, the authors assert that emission occurs from both the Sj and 

S2 states in hexane, where the Sj emission is peaked at 500 nm and Si emission has a 

maximum at ~690 nm with a quantum yield of ~0.005. For the Ph-2D2A chromophore in 

toluene, no emission around 500 nm has been observed, however, additional studies 

should be performed to investigate the fluorescence properties of this molecule further. 

The two-photon absorption spectra of the tetrakis substituted chromophores are 

quite interesting. The spectrum of Py-4D is nearly identical to that of Py-DSB. The X-

ray data give some rationale for this observation. Since two of the arms are nearly co-

planar with the central ring, and two are twisted, the electronic nature of the molecule is 

analogous to that of a linear molecule with a small perturbation from the other two arms, 

which are partially decoupled from the rest of the :n:-system. In the case of Ph-4D, the 

two-photon cross section is only one-third that of the DSB molecule. This can be 

understood at least in part as an effect of the deviation from planarity of the Jt-system 

reducing the ability for intramolecular charge transfer to occur from the terminal donor 

groups to the central phenyl ring. In Chapter 3 it was calculated that for the cyano-

substituted distyrylbenzene model compound, the two-photon absorption cross section 

was 3.8 times higher in a planar configuration (Ic) than when a 43° angle between phenyl 

rings was imposed (Ic'), primarily due to changes in M^^.. The plane angles for Ph-4D 
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are somewhat smaller than those used in the calculation, such that a 3-fold decrease in d 

due to steric hindrance and distortion of the Jt-backbone from planarity is of the right 

order of magnitude. It is somewhat surprising that no new two-photon transitions were 

observed experimentally for these chromophores. Preliminary computation studies 

indicate the presence of two two-photon allowed states for Py-4D and Ph-4D, one with 

energy similar to the two-photon state for the linear analogues, and the other with slightly 

higher energy (0.25-0.3 eV). This second transition has not been experimentally 

observed in this wavelength range. For the Ph-2D2A chromophore, the two-photon 

transition at 830 nm does not correlate to that of either of the two linear analogues, DSB 

and A-DSB. The nature of this state is not known, however, it could be due to a different 

path of intramolecular charge transfer, such as between adjacent arms of the 

chromophore through the central ring. Computational studies to investigate the nature of 

this state are being performed. 

A.4 Conclusions 

In the case of the two-dimensional tetrakis-substituted two-photon chromophores, 

the linear absorption spectra indicate that there is electronic coupling between the 

components of the molecule. However, the two-photon absorption spectra are similar in 

shape and position to those of the analogous linear molecules, but with either similar (in 

the case of a central pyrazine ring) or reduced (in the case of a central benzene ring) 

values of 6 compared to the linear molecules. Preliminary evidence from X-ray crystal 

structures and computational data suggest that these two-dimensional molecules are 

strongly distorted from planarity. Additional studies to understand how the geometric 

distortion induced by the linking pathway of these molecules affects the electronic 

coupling of the arms and the optical properties of the chromophores are necessary. 
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