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A B S T R A C T 

Nonradiative processes in p-dialkylaminobenzylidenemalononitrde (DABIMN) 

molecules were investigated in a series of normal alcohols with different polarities 

and viscosities. A solvent polarity parameter £"^(30) was introduced to account 

for the potential well change for DABIMN in different solvents. After correcting 

for the solvent polarity effect, the effect of solvent viscosity on nonradiative rate of 

DABIMN in solvents was found to be insignificant. The variation of the nonradia

tive rate of DABIMN in the alcohols is a t t r ibuted mainly to polarity-induced free 

energy change and energy gap change rather than to viscosity change. The same 

model was then applied to rhodamine B dye which exhibits a similar rotational 

isomerization configuration to DABIMN dye immediately after excitation. The 

results for bo th dyes are consistent. The fact tha t the same lifetime was observed 

for rhodamine B under close to isopolarity conditions (prepared by adding differ

ent weight of poly(ethylene oxide) into methanol) further proves tha t there is no 

dependence of the nonradiat ive rate on solvent viscosity. A new method to assess 

the experimental uncertainties in acquiring and fitting fluorescence decays with a 

fast analog technique is described. Wi th this model the uncertainties present can 

be determined totally from experimental data , and the reduced chi-square value 

is close to unity. Simulation work was done to est imate the resolution capability 

of the instrument and of the Marquardt algorithm in lifetime experiments. The 

fast analog technique was used to study the solvent viscosity dependence of the 

excited s tate rotat ional reorientation time of rhodamine B in alcohols. Our re-

sidts can be a t t r ibu ted to solvent-attachment effects (due to hydrogen bonding) 

and to long-chain effects (due to stick and slip boundary conditions). 
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C H A P T E R I 

I N T R O D U C T I O N 

The Background of This Work 

The spectroscopic properties of a dye in its liquid phase are more complicated 

than in the gas phase due to solute-solvent and solvent-solvent interactions. To 

study solvent effects for a specific dye, the absorption and emission spectra with 

continuous wave excitation (e.g., tungsten lamp) and lifetime and anisotropy mea

surements with pulsed or cw laser excitation are very useful tools. Solvent effects 

in this work can be generally a t t r ibuted to solvent viscosity and solvent polarity. 

The ability of a liqiud to flow can be characterized in par t by its viscosity: 

the greater the viscosity the less mobile the liquid. Solvent polarity is a measure 

associated with the degree of charge separation in various processes [1]. The 

solvent polarity parameter ET{^0) has been proposed to be the transit ion energy 

for the intramolecular charge-transfer band of pyridinium phenol betaine dye [1-3]. 

Two photophysical phenomena (dual fluorescence and rotat ional isomeriza

tion) will be mentioned quite often in this work. Dual fluorescence means tha t 

there are two fluorescence bands , one being the transit ion from the twisted ex

cited s ta te to the twisted ground s ta te , and the other from the planar excited 

s ta te to the planar ground s ta te . This phenomenon has only been observed for 

p-dimethylaminobenzonitr i le (DMABN) in polar solvents [4-7]. The s t ructure of 

the DMABN molecule is shown as follows [5]: 



T 

/P^z 
'-n 

\ 
CH3 

+ 

For the DMABN molecules, the excited states interconvert between the planar 

configuration and the twisted configuration. The interconversion between these 

states is called rotational isomerization. 

We investigated p-dialkylaminobenzylidenemalononitrile (DABIMN) and rho

damine B, because these two molecules exhibit similar rotational isomerization as 

DMABN. Besides this, all these three molecules show considerable intramolecu

lar charge-transfer characters after excitation. The amino groups in these three 

molecules are electron donors, whereas the nitrile groups in both DMABN and 

DABIMN and the carboxylic group in rhodamine B are electron acceptors. Al

though there exist similarities among the above three molecules, dual fluorescence 

has never been observed for DABIMN and rhodamine B. 

Eisenthal et al. [5-7] proposed a model to explain dual fluorescence for DMABN 

in polar solvents. Since dual fluorescence of rhodamine B was not observed, Kelly 



and Quitevis [8,9] modified Eisenthal 's model by assuming a s teady-state approx

imat ion for the twisted excited state when they investigated the nonradiative 

processes of the acid form of rhodamine B in normal alcohols. This modification 

is reasonable because the absence of dual fluorescence imphes that the concen

t ra t ion of the twisted excited state does not accumidate to any significant extent 

during the reaction. 

However, Eisenthal 's results are not consistent with Kelly's [5,8]. From Eisen

thal ' s results, the free energy difference between the twisted excited state and 

the planar excited s tate decreases with increasing solvent polarity. Kelly's results 

show tha t the free energy difference increases as solvent polarity increases. We 

use Kelly's and Quitevis ' model to study the nonradiative processes of DABIMN 

and the base form of rhodamine B in a series of normal alcohols. Our results are 

consistent with Eisenthal 's . The detailed discussion will be addressed later. 

We were interested in improving the da ta analysis in time-resolved fiuorescence 

spectroscopy with our fast analog technique. In fitting fluorescence decays, the 

reduced x^ should be close to unity if the appropriate experimental uncertainties 

are used. However, there was a lack of a good way to obtain the experimental 

uncertainties for the fast analog technique. We proposed a way to obtain the ex

perimental uncertainties. To justify our model, we tested it with real fluorescence 

da ta . We also were interested in applying the fast analog technique to anisotropy 

measurements . The effect of solvent viscosity on rotat ional diffusion was studied 

for unders tanding more about solvent effects. 



The Scope of This Work 

In chapter II, we describe solvent viscosity and solvent polarity effects on East

man Yellow 7GT in different solvents. A considerable amount of intramolecular 

charge-transfer was inferred from absorption and emission spectral shifts which 

are caused by different solvent polarities. The quantum yields were also observed 

to change in different solvents. The quantum yield is defined to be the ratio of 

photons emit ted to photons absorbed. It is difficult to explain the dependence of 

the q u a n t u m yields on solvent viscosity only. It is necessary to separate solvent 

polarity from solvent viscosity. 

In chapter III , solvent effects are described in more detail. A solvent polarity 

parameter is introduced and later corrected to isolate solvent viscosity effects. 

Kelly's and Quitevis ' model was used to explain the photophysics for DABIMN 

and rhodamine B dyes in various solvents. The results from both dyes indi

cate t ha t the rotat ional isomerization is associated with solvent polarity variation 

ra ther t han with solvent viscosity variation. The higher energy level of the twisted 

excited s tate relative to the planar excited state implies that the twisted excited 

s tate is less stable t han the planar excited s ta te . It may explain why dual fluo

rescence does not appear . 

In chapter IV, a simplified mathemat ica l procedure for the experimental un

certainties is described for fluorescence lifetime experiments with a fast analog 

technique. Some actual fluorescence decays were used to test the simplified 

model . F i t ted results from the discrete lifetime and the lifetime distr ibution 

methods were compared. The reduced x^ for all good fits were close to unity. 

We studied the resolution sensitivity of the Marquard t algori thm without noise 



in the convoluted signals as well as the resolution abifity of the instrument by 

analyzing with real ins t rument profile and artificial fluorescence signals with noise. 

These simulation studies help us to assess the fits to the actual experimental 

lifetime and anisotropy da ta . 

In chapter V, we describe the effect of solvent viscosity on the excited state 

rotat ional reorientation t ime of rhodamine B in normal alcohols. The fast ana

log technique was used for da ta acquisition and analysis and the Debye-Stokes-

Einstein model was used for explaining the results. Some modifications were 

needed to explain solvent hydrogen bonding and long-chain effects. In the la t ter 

par t of chapter V, the effect of solvent viscosity on the excited state lifetime of 

rhodamine B for different polymer concentrations is described. The same ob

served lifetime for rhodamine B in these solutions shows tha t the nonradiative 

decay is independent of solvent viscosity. Our results support the conclusions 

obtained from chapter III. 

In the future, we plan to study solvent polarity effects without solute-solvent 

hydrogen bonding interactions. Nitriles would be the appropriate solvents because 

they do not have hydrogen bonding capability. This study can tell us whether the 

different results obtained between Kelly and us are due to solute-solvent hydrogen 

bonding interactions or systematic errors. 



CHAPTER II 

STUDY OF SPECTROSCOPIC PROPERTIES OF 

INTRAMOLECULAR CHARGE-TRANSFER 

COMPLEX: EASTMAN YELLOW 7GT 

The Effect of Solvent Polarity on Absorption and 
Emission Spectra of Eastman Yellow 7GT 

in Different Solvents 

Introduction 

The picosecond decay dynamics of p-dialkylaminobenzylidenemalononitriles 

(DABIMN) in solutions and in polymers was studied to obtain a better under

standing of the structural dynamics of these rotors and an assessment for using 

them as fluorescence probes sensitive to the molecular environment and conse

quently as means for polymer characterization. The following investigations were 

performed: 

1. The sensitivity of the intrinsic motions of the molecular rotors to polarity 

and viscosity of various solvents. 

2. The effect of the polymerization reaction and molecular weight of the poly

mers on the fluorescence decay of the probes and on the changes in the free 

volumes in polymers. 

3. The time-dependent fluorescence anisotropy of the molecular rotor in sol

vents for a better understanding of the rotational diffusion mechanism. 

In this chapter, I present the experimental results for item 1 above. Dr. Gan

gopadhyay carried out an extensive study of item 2 and the residts will be briefly 

summarized at the end of this chapter. Item 3 will be discussed in chapter V. 



The substance 2-[6-(2,2-dicyanovinyl)-3,4-dihydro-2,2,4-trimethyl -l(27^)qui-

nolyl] ethyl carbanilate is called for Eas tman Yellow 7GT. We shall call it EY 

7GT for brevity. EY 7GT exhibits the para-disubst i tuted benzene of the type 

D-Ph-A, where D is an electron donor and A an electron acceptor. 

The spectroscopic properties of organic electron-donor-acceptor complexes 

have received considerable at tent ion recently [4,10]. Large changes in the po

larity of molecules upon electronic excitation were predicted by Forster [11] and 

found by Miilliken [12] in charge-transfer complexes and by Nagakura [13] in 

intramolecular charge-transfer complexes. Loutfy and Law [14] did an extensive 

s tudy of the photophysics and spectroscopy of DABIMN compounds. These com

pounds exhibit an anomalous fluorescence Stokes shift which has been a t t r ibuted 

to intramolecular charge-transfer interaction between the dialkylamino and the 

malononitri le moieties [14], The absorption and emission spectra of DABIMN 

show a bathochromic (red) shift with increasing solvent polarity. Their quan

t u m yields increase with increasing viscosity and decreasing tempera ture [14,15]. 

These propert ies have already been exploited to investigate the effective polar

ity and the microviscosity environment of phospholipid and surfactant vesicles 

[16,17]. 

In this work, we studied the spectroscopic properties of EY 7GT by dissolving 

it in ten different organic solvents. The spectral shifts were measured and the 

relat ionship between ground and excited s ta te dipole moment was determined. 

T h e radiat ive ra te k^ was calcidated from the absorption and emission spectra. 

T h e nonradiat ive rate knr and Hfetime r were calculated by using the fluorescence 

q u a n t u m yield. 
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Experimental Materials and Methods 

Dr. E.R. Menzel generously supplied us with two samples: Polyester Yellow 

and Eas tman Yellow 7GT. Polyester Yellow is p-dialkylaminobenzylidenemalono-

nitrile derivative 2 (DABIMN-2). Eas tman Yellow 7GT is different from Polyester 

Yellow by replacing the ethyl benzoate with ethyl carbanilate. The s tructures of 

bo th molecules are shown in figure 2 .1 . The solvents benzene, chloroform, eth

yl acetate , dichloromethane, acetone, and ethylene glycol were purchased from 

Aldrich Chemical Company. Tetrahydrofuran and methanol were obtained from 

Fisher Scientific Company. Acetonitrile was purchased from MCB Company. 

Ethanol was obtained from Aaper Alcohol and Chemical Company, All solvents 

were used without further purification. 

All measurements were carried out at room tempera ture ( ^ 24°C). The fluo

rescence q u a n t u m yield was determined by comparing with the fluorescence emis

sion of EY 7GT in ethylene glycol which had been calibrated with the fluorescence 

s tandard quinine sulfate (10"^M, IMH2SO4, (j) = 0.546) [18]. The concentra

tions of all samples were ~ 3.6 x 10~®M, and the optical densities were ~ 0.2 at 

the absorption maxima. Absorption spectra were recorded with a Perkin-Elmer 

Lambda 5 spectrophotometer . 

Determining the relative quan tum yields is by far the simplest method for 

obtaining quan tum yields. It consists of comparing the fluorescence intensity of 

the sample under s tudy to the intensity of a dye of known quan tum yield. If 

a spectrometer is used to detect the fluorescence, the measurement is already in 

te rms of quanta and no corrections need be made for converting energy to quanta . 

T h e following relation is used [19]: 



F = IqAGX, (2.1) 

where 

F = observed fluorescence of dye solution in units of number of photoelectrons 

7 = intensity of exciting light in units of energy 

q = quan tum yield 

A = percent absorption of solutions 

G = geometry factor ( < 1) since not all of the fluorescence is observed 

X = amplification factor from a photomultiplier with an appHed high voltage. 

Note tha t the photos of fluorescence knock off electrons from the cathode of the 

photomultiplier due to photoelectric effect. These electrons are then amplified 

to be detected. The knocked-off electrons before amplification correspond to the 

energy of fluorescence and therefore the observed fluorescence (i.e., the number 

of electrons after amplification) can be expressed in units of energy. If we excite 

both the s tandard and the sample at the same wavelength and apply the same 

voltage to the photomult ipl ier , we then obtain the ratio of the quan tum yield of 

the s tandard dye g, and the sample q^ as follows: 

-t'x Qx-^3 '•X 

(2.2) 
F, qAs 

where Fx is the measured fluorescence of the sample and Fg is tha t of the stan

dard. Ax is the percent absorption of the sample and Ag is tha t of the s tandard . 

By integrat ing the area under the corrected fluorescence spectrum, we can deter

mine Fa; and Fg. The Ax *and Ag are found from the absorbance by using the 

same excitation wavelength for the fluorescence measurements of Fx and 7^,, The 
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fluorescence spectra were measured with a Perkin Elmer MPF-44B spectrofluo-

rimeter. 

Results and Discussion 

EY 7GT exhibits an intense absorption band and a weak fluorescence band 

in the visible region. The absorption maxima (e = 5.4 X 10^ M~'^cm,~'^) are 

close to one another for EY7GT in all the solvents studied. Typical absorption 

and fluorescence spectra are shown in figure 2,2, In certain aromatics containing 

functional groups, vibrational substructure is generally quite pronounced in the 

electronic absorption spectra. However, in certain aromatics having functional 

groups which accept or donate substantial electric charge to the aromatic ring 

upon absorption, the vibrational fine structure in the absorption spectra may be 

lost or blurred. This is a result of loss of vibrational quantization in the excited 

state because of a rapid nuclear adjustment that accompanies the intramolecular 

charge-transfer after excitation [20], 

An important property of n ^ TT* bands is that increasing the solvent polarity 

shifts the bands toward shorter wavelength. This has been attributed to the 

interaction of electrons in nonbonding orbitals n with the solvents. In other 

words, increasing the polarity decreases the energy of the ground state, which 

corresponds to a more stable state. In effect this causes a greater separation 

between ground and excited states. The excited state is assumed to be much less 

affected by the solvent variation because the electron is no longer in orbital n, 

therefore contributing less to the molecular polarity [20], Since a hypsochromic 

(blue) shift is not observed in EY 7GT, the n -^ TT* transition is ruled out. 



11 

Our da t a for the measured absorption and emission maxima of EY 7GT in a 

variety of solvents are presented in table 2.1. The wavelengths corresponding to 

absorption and emission maxima are sensitive to solvent polarity because of the 

large dipole moment changes accompanying electronic reorganization in TT ^ TT" 

and intramolecular charge-transfer transit ions. A red shift of the So —> Si band 

with increasing solvent polarity was observed in polar solvents. To unders tand 

the physics of excitation of a molecule, it is essential to unders tand the Franck-

Condon principle [19,20]. Although the Franck-Condon principle usually is ap-

phed to isolated molecules (gas), it applies to solvent environment as well. This 

principle states tha t upon excitation of a molecule the electron which is raised to 

a new electronic level is excited in much less t ime than it takes the whole molecule 

to rearrange itself with the solvent environment. Immediately upon absorption 

of energy causing the electronic transit ion, the solute molecule is in the same 

equilibrium solvent cage (i,e., in a Franck-Condon excited s ta te) . If the solute 

molecule becomes more polar in the excited s ta te , there will be greater electro

stat ic stabilization of the excited s ta te , relative to the ground s tate , by interaction 

with the polar solvent (refer to figure 2.3). The greater the polarity of the sol

vent, the lower will be the energy of the Franck-Condon excited s tate . This type 

of behavior is characterist ic of most TT ^ TT" and intramolecular charge-transfer 

t ransi t ions and is observed as a shift to longer wavelengths of the absorption band 

with increasing solvent polarity [20]. 

The effect of solvent polarity upon fluorescence spectra is qualitatively similar 

to t ha t upon absorpt ion spectra. The Franck-Condon principle holds for emis

sion as well as for absorption. Even though the lifetime of the excited s ta te may 

be on the order of 10"^ sec, the t ransi t ion t ime for the electron to go from this 
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excited state to Franck-Condon equivalent ground state is still on the order of 

10~ sec. When fluorescence occurs, it terminates in the ground electronic state 

of the solute molecule but still in the equilibrium solvent cage of the excited state. 

Rapid solvent relaxation then occurs (lO"-̂ "* — 10"-̂ ^ sec), and the solute molecule 

ultimately returns to the equilibrium solvent cage of the ground state. Because 

the excited state under solute-solvent equilibrium condition is lower in energy 

than the Franck-Condon excited state, and the Franck-Condon ground state is 

higher in energy than the ground state under solute-solvent equilibrium condi

tion, fluorescence often occurs at considerably longer wavelengths than would be 

anticipated purely on the basis of vibrational relaxation (refer to figure 2.4 [20]). 

In molecules which become more polar in the excited state, solvent relaxation 

stabilization is greater in the excited state than in the ground state. Thus, the 

fluorescence spectra of these molecules tend to show greater wavelength depen

dence on solvent polarity in comparison with the absorption spectra. On the 

other hand, molecules which become less polar in the excited state usually show 

greater dependence of the absorption spectra on solvent polarity. We observed 

a larger solvent-induced shift in the fluorescence maxima (^ 1400 cm~^) than in 

the absorption maxima (~ 700 cm,~^). This suggests that the excited state is 

more polar than the ground state and solvent relaxation stabilization is greater 

in the excited state than in the ground state. 

The radiative rate kr of the emitting singlet state Si was calculated from the 

integrated absorption band by using the formida [21]: 

fc, = 2.88 X 1 0 " V [ / ' ^ ^ ~^K{v)dv] s-\ (2.3) 
t/ 1/ 

where i/" is the wavenumber of the noirror symmetry point, n is the solvent re

fractive index, and e is absorbance. The calculated k,. values are on the order 
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of 3 X 10 s~ . Since the absorption and emission spectra are related to solvent 

polarity, the dependence of kr on the absorption and emission spectra implies 

that kr is significantly affected by solvent polarity. 

The fluorescence quantum yields (f) of EY 7GT in all solvents used (except 

ethylene glycol) are around 6.5 x 10~^ at ambient temperature. It is not easy 

to determine accurate quantum yield because of the weak fluorescence signals 

and the uncertainty in the absorbance at the excitation wavelength. From the 

approximate values of kr and (j) in low viscosity solvents (< 2 cP), the nonradiative 

rate knr {4> = K/lK + k^r]) and lifetime T {r = (t>/kr) are estimated to be about 

4.5 X 10-̂ -̂ 5~-̂  and 2.2 ps at ambient temperature, respectively. Note that both 

knr and r are temperature dependent. The dependence of k^r on solvent viscosity 

and solvent polarity are addressed in chapter III. 

Lippert [22,23] discussed solvent effects on electronic transitions and inter

preted solvent-induced frequency shifts in terms of dispersive and static dipole 

interactions. Other researchers [24-26] studied these effects by assuming an ellip

soidal cavity instead of a spheric one, and they derived equations as follows: 

2 2 

UA-I^F = J[^(I^^ ~ f^a) / ( ^ ' e) + C (2.4) 

( / ^ e - / ^ j [ — : ^ — ^ g m l + C, (2.5) 

where 

hca^ 

/("'^) = [^^rTyll7:^-^^r^l (2.6) 

an( 

g(n) = - ""' \ , (2.7) 
^^ ^ 2(n2 + 2) ' ^ ^ 

In the above equations, h is Planck's constant and c is the speed of light, e 

and n are the solvent static dielectric constant and refractive index, fig and /Xe 
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are the ground and excited state dipole moments, and a is the long axis radius 

of the ellipsoidal cavity, v^ and VF are the wavenumbers corresponding to the 

absorption and emission peaks. The solvent static dielectric constant, refractive 

index, and other related parameters are shown in table 2.2. According to the 

information from tables 2.1 and 2,2, we are able to plot VA ~ I^F against f{n,£) 

(shown in figure 2,5) and (I^A-^^F)/'^ against f{n,£)/2-hg{n) (shown in figure 2.6) 

from equations (2,4) and (2.5), respectively. The lines drawn through the data 

in figures 2.5 and 2.6 are least-squares fits, and the slopes are 1105,14 cm,~^ and 

-2262.82 cm~^. With the assumption that the ground and excited state dipole 

moments are parallel, the ratio of the slopes from equations (2.4) and (2.5) is 

then a number only in terms of /ig and fig. Under this condition the relationship 

of the magnitude between fi^ and fig, i,e,, fi^ = 2,91 fig, is obtained. 

The conformational energies of EY 7GT depend on the dihedral angle between 

the aromatic ring and the malononitrile group [27,28], The barrier to partial ro

tation around the Ph-A bond is due to the steric interaction between the nitrile 

groups and the hydrogens ortho to the malononitrile, as well as the partial double 

bond character of the Ph-A bond. Refer to the resonance form B in figure 2.7. 

With closer distance between the nitrile groups and the hydrogens on the aro

matic ring the hydrogen bonding interaction becomes stronger: thus the lowest 

energy state is expected to exhibit a twisted configuration. The resonance form B 

is expected to be the major contributor to the excited-state electronic charge dis

tribution [29,30], amongst other possible resonance forms. The two end groups 

which are not coplanar with the aromatic ring become coplanar, subsequent to 

excitation, because intramolecular charge transfer is facilitated by coplanarity. 
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conjugation being most effective when the lone pair orbitals of the substituent 

have the same spatial direction as the P^ orbitals of the aromatic ring ^20]. 

Now let us compare the spectroscopic properties of EY 7GT and DABIMN-2. 

These two compounds diflfer in one of their two end groups. EY 7GT replaces 

ethyl benzoate moiety of DABIMN-2 by ethyl carbanilate moiety as shown in 

figure 2.1, The fluorescence quantum yield of EY 7GT is larger than that of 

DABIMN-2 by a factor of 3.4. Even though the electron-donating groups in 

DABIMN-1,2,3 are very diflFerent, the quantum yields of DABIMN-1,2,3 are at 

the same order, namely around 1 x 10~^,2 x 10~^, and 3 x 10~^, respectively 

[14]. Consequently, although the heavier side group of EY 7GT may slow down 

the nonradiative rate, it still cannot account for the 3.4 fold enhancement of its 

quantum yield in comparison with that of DABIMN-2. Our explanation for this 

difference is referred to the hydrogen bonding interaction between the additional 

hydrogen atom (in the structure of EY 7GT in contrast to that of DABIMN-2) 

and the negatively charged nitrile groups (refer to resonance form B in figure 2.7). 

Because of this interaction, the side chain of the ethyl carbanilate is constrained 

or frozen to a more rigid degree than the side chain of ethyl benzoate. Therefore, 

the nonradiative relaxation rate due to rotational motion of ethyl carbanilate in 

EY 7GT is much slower than that of ethyl benzoate in DABIMN-2, In other 

respects, note that the end phenyl group is coplanar with the carbon-nitrogen 

bond, owing to steric hindrance and to resonance contribution. In this hybrid 

structure the carbon-nitrogen bond is shorter than a C-N single bond because of 

a considerable contribution of the resonance structure with a C=N double bond. 

Rotation about the carbon-nitrogen bond is restricted by a high energy barrier, 

yielding a planar conformation [31,32]. This might be another reason for the 
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smaller nonradiat ive rate rigidity of the end phenyl group in EY 7GT. Because 

the q u a n t u m yield (f> is defined as the ratio of the radiative rate to the sum of 

the radiative and the nonradiative ra tes , the (f) of EY 7GT is greater t han tha t of 

DABIMN-2. 

We have shown on the basis of spectroscopic results tha t the lowest excited 

s ta te (Si) of EY 7GT is a TT —> TT" transi t ion with a considerable amount of 

intramolecular charge-transfer character. The solvent-induced shift in the Si 

s ta te is larger t h a n tha t of the So s tate , indicating a larger charge separation, and 

consequently a larger dipole moment in the Si s ta te . Because both the absorption 

and fiuorescence emission wavelengths are sensitive to solvent polarity, the above 

results suggest tha t this dye can be used as a probe for measuring the polarity, 

and microviscosity (see next section). 

The Effect of Solvent Viscosity on the Fluorescence 
Q u a n t u m Yield of Eas tman Yellow 7GT 

Introduct ion 

Loutfy [14] investigated the fluorescence quan tum yield of DABIMN com

pounds 1-3 in low-viscosity organic solvents. The results showed tha t the quan

t u m yield {(/>) increases as the rigidity of the dialkylamino group increases. When 

t empera tu re goes down from room tempera ture to 77 K, (j) increases from ^ 10~^ 

to unity in 2 -MeTHF. Law [15] studied DABIMN-2 and reported tha t </> increases 

as the solvent becomes more viscous. These phenomena also were observed for 

carbocyanine dyes and stilbene derivatives, <f) increases as the molecular rigid

ity of the chromophore increases [33,34], as the ambient t empera ture decreases 

[35,36], and as the solvent viscosity increases [37,38], 
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In this section, we report the effect of solvent viscosity on the quan tum yield 

(f) of EY 7GT in a large variety of alcoholic solvents. We will address solvent 

polarity effects in detail in the next chapter. 

Experimental Materials and Methods 

Methanol , bu tanol , pentanol , heptanol and octanol were obtained from Fisher 

Scientific Company. Ethanol (200 proof) was obtained from Aaper Alcohol and 

Chemical Company, Propanol , hexanol, decanol, undecanol, and dodecanol were 

obtained from Eas tman Kodak Company. Nonanol was obtained from Sigma 

Chemical Company. 2-propanol, ethylene glycol, and glycerol were obtained from 

Aldrich Chemical Company, All solvents were used as received without further 

purification. Viscosity da t a were obtained from references 15 and 39, The op

tical densities of all samples studied were % 0.2 at the absorption maxima. The 

fiuorescence quan tum yields were obtained by comparing with the fluorescence 

emission of EY 7GT in ethylene glycol. 

Results and Discussion 

We investigated the viscosity dependence of (j) of EY 7GT in a series of normal 

alkanols and in some mixed alcoholic solvents. The results are listed in table 2.3, 

The results show tha t (j) is independent of solvent viscosity for 77 < 2 cP and then 

increases. 

Law [15] interpreted the viscosity dependence of ^ with a free volume concept. 

T h e dependence of viscosity and free volume in the molecidar relaxation processes 

of excited dyes has been documented in the cases of polymethines, di- and tr iph-

enylmethanes and coumarine dyes [40-49], For dyes in which rota t ion-dependent 
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nonradiat ive decay (k^r) links the excited s ta te conformation to the solvent free 

volume V}, one can express knr as: 

knr = k^expi-^^-^), (2.8) 

^7 

where k^^ is the intrinsic ra te of molecular relaxation of the dye, Vo is the occupied 

(Van der Waals) volume of the dye and /3 is a constant for the part icular dye. At 

room tempera tu re in organic solvents, knr is much greater than kr. The (f) of EY 
7GT can then be expressed as 

f^r V ^nr '^nr 

Subst i tu t ing knr of equation (2.8) into equation (2.9), (f) becomes 

<t> = ^^=^PWh- (2.10) te. ''" V, 
nr f 

An expression of viscosity in terms of the solvent free volume has been derived 

by Doolittle [43]: 

r) = Aexp{-^), (2.11) 

where rj is solvent viscosity, A is a constant. From the logarithms of bo th equa

tions (2,10) and (2.11), the relationship between the dye fluorescence quan tum 

yield and solvent viscosity can be derived as: 

log4> = B + C\ogri, (2,12) 

where B and C are constants , 

A plot of log <f) versus log 77 from table 2.3 is shown in figure 2.8. There are 

three curves in this figure. For curve A, the zero slope indicates tha t the rotat ional 

re laxat ion process is independent of free volume. For solvents of low viscosity, 
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the free volume of the solvent is large and the rate of molecular rotat ion of the 

solvent molecules may be faster t han A;°̂ . Therefore, during the lifetime of the Si 

s ta te , the solvent molecules may have enough t ime to rotate several times before 

it decays. Under such circumstances, the free volume avadable for the molecular 

relaxation process of the Si s ta te will be large, Vo/Vf will be small, and hence knr 

approaches k^^. Consequently, a constant (f) results in this low viscosity region. 

For solvents with higher viscosity, the free volume of the solvent is small and 

the ra te of molecular rotat ion of the solvent molecules will become slower than k^^. 

Therefore, the molecular relaxation process of the Si s tate of EY 7GT depends 

on free-volume as predicted by equation (2.8). For curves B and C, the slopes 

from least-squares fits yield 0.69 and 0.26, respectively. Although the slope 0.69 

is in good agreement with the theoretical equation {(f) oc rj^^^) derived from the 

cases of t r iphenylmethane dyes [44] and carbocyanine dyes [50], the slope 0.26 of 

curve C cannot be explained. 

In fact, it is not appropr ia te to assume a dependence of (f) on solvent viscosity 

only. From the definition of ^ , we realize tha t (j) depends on kr and knr- Since 

kr depends on solvent polarity and knr may depend on either solvent polarity or 

solvent viscosity or bo th , it would not be sufficient to consider oidy the solvent 

viscosity effect in any expression which includes kr and knr- To explain the effect 

of solvent polarity on (/>, we need to have a model for kinetic mechanisms and 

introduce a solvent polarity paramete r in the expression of knr- The model and 

the solvent polarity paramete r are discussed in detail in chapter III, 
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Fluorescence Decay Kinetics in 
High Viscosity Solvents 

Discussion 

We now briefly discuss the Hfetime measurements for EY 7GT in low-viscosity 

solvents performed with our fast analog technique. The experimental set-up and 

fitting method are discussed in chapter IV. Our fitted lifetime 70 ps is not a t rue 

lifetime, because 70 ps is the instrument resolution l imitation for the fast analog 

technique. From the C W analysis presented in the first par t of this chapter, 

we obtain tha t the lifetime of EY 7GT in low-viscosity solvents is 2.2 ps. Even 

though we cannot measure the lifetime in the picosecond range, we can measure 

the lifetime in the nanosecond range. Although we usually measure the quan tum 

yield and the hfetime of a dye in its environment to deduce the nonradiat ive 

ra te , we can avoid lifetime measurement by assuming tha t the radiative ra te is 

insensitive to solvents with close polarity. This assumption is made in the first 

par t of chapter III . 

Fluorescence decay of DABIMN-2 becomes bi- or tr i-exponential decay in high 

viscosity solvents such as glycerol and polymers. Safarzadeh-Amiri [51] studied 

the effect of solvent and tempera ture on the decay dynamics of DABIMN-2 in 

glycerol. He obtained a bi-exponential function for the best fit and referred these 

two lifetimes to two different ground state conformers differing in the orientat ion 

of the end groups with respect to each other. 
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Gangopadhyay et al. [52] investigated the fluorescence decay of DABLMX-2 

in glycerol, ethylene glycol, and polymethyl methacrylate . The conclusions can 

be summarized as follows: 

1. A presence of three conformers was observed in a highly viscous solvent. 

2. The contribution to fluorescence emission from the shortest lived conformer 

increases with decreasing solvent viscosity. 

3. In non-polar solvents and polymers, a ground state dimerization takes place 

at high concentrations of the dye. 

Although the idea of ground state conformers has been proposed to explain 

the multi-component fluorescence decay, the energy dissipation pa th is stiU vague. 

In order to get a clearer picture about the kinetic mechanisms, we need to start 

with the rate equations from an assumed model. The da ta from the model should 

explain all major observed phenomena. The importance of unraveling the mech

anisms following the excitation now bring us to the work in chapter III. 



Table 2.1 

Spectral data of Eastman Yellow 7GT 
in organic solvents. 
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No, 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Solvent 

Benzene 

Chloroform 

Ethyl acetate 

Tetrahydrofuran 

Dichloromethane 

Acetone 

Ethanol 

Methanol 

Acetonitrile 

Ethylene glycol 

Absorption 
maximum 

72771 (C77l~-^) 

430.6 (23223; 

436.5 (22910; 

428,7 (23326; 

431.6 (23170; 

436.7 (22899; 

434.0 (23041; 

432.8 (23105; 

433.5 (23068; 

434.6 (23010; 

442,5 (22599; 

Emission 
maximum 

71771 (C77 l~^ ) 

) 458 (21834; 

) 472 (21186; 

) 472 (21186; 

) 473 (21142; 

) 480 (20833; 

) 483 (20704; 

) 477 (20964; 

) 483 (20704; 

) 488 (20704; 

) 490 (20408; 

kr{xlO^) 

5 - 1 

I 3.83 

I 3.18 

) 3.15 

I 3.30 

) 3.19 

) 3.05 

) 3.15 

) 2.94 

) 2.96 

) 3.47 

The uncertainty of the absorption and emission maxima is ± 1 nm. 



Table 2,2 

The solvent static dielectric constant, refractive index and related 
parameters for determining the relationship between /Xg and fig. 
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Solvent 

Benzene 

Chloroform 

Ethyl acetate 

Tet rahy drofur an 

Dichloromethane 

Acetone 

Ethanol 

Methanol 

Acetonitrile 

Ethylene glycol 

n'' 

1.4979 

1.4486 

1.3698 

1,4072 

1,4246 

1,3588 

1,3594 

1,3265 

1.3441 

1.4318 

e"" 

2,275 

4,806 

6,02 

7.58 

9.08 

20.70 

24,55 

32,70 

37.5 

37 

9{n)' 

,336 

.304 

.252 

.277 

.288 

.244 

.245 

.222 

.234 

.293 

f{n,e)^ 

.0067 

.37 

.49 

.55 

.59 

.79 

.81 

.86 

.86 

,84 

VA - l^F 

cm~^ 

1389 

1724 

2140 

2028 

2066 

2337 

2141 

2364 

2518 

2191 

2 

cm~^ 

22529 

22048 

22256 

22156 

21866 

21873 

22035 

21886 

21751 

21504 

° n and e are from CRC Handbook, 
^ ^(71) is defined in equation (2,7), 

'̂  f[n,e) is defined in equation (2.6). 
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Table 2.3 

The effect of solvent viscosity on the fluorescence 
quantum yield of Eastman Yellow 7GT. 

No, 

Ci 
C2 
C3 
c. 
c. 
Cs 
Ce 
Cr 
Cg 
C9 
ClQ 

Cii 

Ci2 

13 
14 
15 
16 
17 

Solvent 

Methanol 
Ethanol 
1-propanol 
2-propanol 
1-butanol 
1-pentanol 
1-hexanol 
1-heptanol 
1-octanol 
1-nonanol 
1-decanol 
1-undecanol 
1-dodecanol 
EG:2-propanol (3:7) 
EG:2-propanol (5:5) 
EG:2-propanol (7:3) 
Ethylene glycol (EG) 
EG:Glycerol (5:5) 

7/̂ '̂̂  [cP] 

0.56 
1.08 
1.95 
2.14 
2.57 
3.72 
4.61 
4.62 
7,35 
10,3 
11,5 
13,8 
17,4 
5.0 
7.9 
11,5 
18,5 
115 

lOV''' 

0,659 
0.662 
0.659 
0.662 
0.746 
0.765 
0.890 
0.934 
0.954 
1.018 
1.072 
1,142 
1.210 
1.062 
1.312 
1.818 
3.2 
9.511 

° At room temperature, 
^ From references 15 and 39, 
*" The error in <̂  is % ± 10%, 
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CH2 CH^ 0 

CN 

CN 

Figure 2.1, Structures of (A) Eastman Yellow 7GT and (B) 
Polyester Yellow. 
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Figure 2.2. The absorption and emission spectra of Eastman 
Yellow 7GT in ethylene glycol at room tempera
ture. The excitation wavelength was 400 nm for 
the emission spectrum shown. 
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Figure 2.3, The effect of going from a nonpolar to a polar sol
vent, upon the energy (EA) of an absorption tran
sition when the excited singlet state to which ab
sorption occurs (5i) is more polar than the ground 
state (5o), This figure is from reference 20, 
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Figure 2.4. The effect of the solvent upon the energy of the 
fluorescence transition (EF) of a molecule which 
is more polar in the excited state (5i) than in the 
ground state {So). This figure is from reference 
20. 
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Figure 2.5. Absorption and fiuorescence shifts of Eastman Yel
low 7GT in 1. benzene, 2. chloroform, 3. ethyl 
acetate, 4, tetrahydrofuran, 5. dichloromethane, 
6. acetone, 7, ethanol, 8. methanol, 9. acetoni
trile, and 10. ethylene glycol. The line is a linear 
least square fit to equation (2.4). 
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Figure 2.6. Absorption and fluorescence shifts of Eastman Yel
low 7GT in 1. benzene, 2. chloroform, 3. ethyl 
acetate, 4. tetrahydrofuran, 5. dichloromethane, 
6, acetone, 7, ethanol, 8. methanol, 9. acetoni
trile, and 10. ethylene glycol. The line is a linear 
least square fit to equation (2.5). 
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Figure 2.7. Resonance forms (A) and (B) of Eastman Yellow 7GT, 
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Figure 2.8. Plot of logarithm of the quantum yield versus log
ari thm of solvent viscosity for Eastman Yellow 
7GT in various alcohols. C^ 1 — CnH2n+iOH,n = 
1 — 12; C3, 2-propanol; 13, ethylene glycol : 2-
propanol (3:7); 14, ethylene glycol : 2-propanol 
(5:5); 15, ethylene glycol : 2-propanol (7:3); 16, 
ethylene glycol; 17, ethylene glycol: glycerol (5:5). 
Curves A, B, and C are linear least square fits. 
Their physical meanings can be referred to the 
text. 



C H A P T E R III 

E F F E C T S O F SOLVENT VISCOSITY AND 

SOLVENT P O L A R I T Y ON NONRADIATIVE 

P R O C E S S E S O F DYES EXHIBITING 

TORSIONAL MOTIONS 

Effect of Solvent Polarity on Nonradiative Processes 
of P-dialkylaminobenzylidenemalononitrile 

in Normal Alcohols 

Abstract 

Nonradiat ive processes in p-dialkylaminobenzylidenemalono nitrile (DABIMN) 

molecules were investigated in a series of normal alcohols with different polarities 

and viscosities, A solvent polarity parameter was introduced to account for the 

potent ia l well change for DABIMN in different solvents. After correcting for the 

solvent polari ty effect, the effect of solvent viscosity was investigated. The vari

at ion of the nonradiat ive rate of DABIMN in the alcohols is a t t r ibu ted mainly 

to polari ty-induced free energy change and energy gap change ra ther than to 

viscosity change. 

Introduction 

The DABIMN molecules have been extensively studied as to charge-transfer 

characters [14], viscosity dependence of the fluorescence quan tum yield [15], sol

vent and t empera tu re effects on the decay dynamics [51], effect of viscosity and 

t empe ra tu r e on torsional relaxation [53], and internal rotat ion [54], These dyes 

have been used as fluorescence probes in polymers [55-58] and bio-samples [16,17]. 

33 
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The existing work [15] shows that the fluorescence emission spectrum is only 

sensitive to solvent polarity and that the fluorescence quantum yield is only sensi

tive to solvent viscosity. These two features were employed in measuring polarity 

and microviscosity in a microenvironment of polymers and bio-samples [16,17,55-

58], In a low-viscosity solvent, a hydrodynamic model with a stick boundary 

condition was assumed, whereas in medium- and high-viscosity solvents, the free-

volume concept was used [53], However, the solvent polarity effect was never 

considered in the nonradiative processes. 

Eisenthal et al, [5] studied the dynamics of barrier crossings of p-dimethylami

nobenzonitrile (DMABN) in solutions. The barrier height is a strong function of 

the solvent polarity due to the large dipole moment change. The dependence of 

the rate for rotation from the planar state to the twisted state on solvent viscosity 

is negligible after correcting for the solvent polarity effect. Therefore, the solvent 

polarity effect was suggested to be important in the isomerization dynamics of 

molecules where a large change in dipole moment occurs. 

Eisenthal's model is shown as follows: 

k r k.. 
ic i 
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Here the 5*0 and Si are the ground state and the first singlet excited s ta te , respec

tively. The p s tands for the planar configuration and the t s tands for the twisted 

configuration. The kpt and ktp are the rates of interconversion between the planar 

excited s ta te and the twisted excited state, kr is the radiative rate and kic is the 

internal conversion ra te . It is obvious tha t dual fluorescence results from bo th 

the planar and twisted configurations in this model. 

Since dual fiuorescence has never been observed for the acid form of rhodamin 

B in normal alcohols, Kelly and Quitevis [8,9] modified Eisenthal 's model by 

assuming a s teady-state approximation. This modification is necessary because 

the rate-determining-step approximation [5-7] for explaining dual fluorescence of 

DMABN in polar solvents may not be valid for the acid form of rhodamine B in 

normal alcohols. Since dual fluorescence has never been observed for DABIMN 

in normal alcohols either, Quitevis ' model is thus considered to apply to the 

DABIMN molecules in our study. The molecular s t ructure of DABIMN is shown 

in figure 2,1 B, In the present work, the effects of solvent viscosity, polarity, 

and t empera tu re on the nonradiative rate knr of DABIMN are studied in normal 

alcohols. The nonradiat ive rate can be a t t r ibuted to interconversion between the 

twisted excited s ta te and the planar excited state and internal conversion from 

the twisted excited s ta te to the twisted ground state[8,9]. Although the model for 

DABIMN is not exactly the same with that of DMABN [5-7], the final conclusions 

are the same for the solvent polarity dependence of the free energy difference and 

the associated barrier height as well as the solvent viscosity independence of the 

nonradia t ive ra te . 
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Experimental Details 

Samples of DABIMN were obtained from Dr. E.R. Menzel and used as re

ceived. Propanol and hexanol were obtained from Eas tman Kodak Company. 

Butanol , pentanol and heptanol were obtained from Fisher Scientific Company. 

Ethylene glycol was purchased from Aldrich Chemical Company. All solvents 

were used without further purification. 

The absorbance of all the samples studied was recorded with a Perkin Elmer 

L a m b d a 5 U V / V I S spectrophotometer . The concentration of DABIMN was con

trolled by choosing a value ~ 0.2 for the optical density at the absorption max

imum. The fiuorescence spectra were measured with a Perkin Elmer MPF-44B 

spectrofluorimeter with a DCSU-2 intensity correction a t tachment . Tempera ture 

variation was achieved with the sample cuvette placed in a specially designed 

copper block which fitted into the sample compartment of the spectrofluorime

ter. Water from a water ba th was allowed to circulate through the block. The 

t empera tu re of the sample was monitored by means of a sensor immersed in the 

sample solution and connected to a digital thermometer . The tempera ture range 

in this experiment was from —3°C to 6 5 ° C The fluorescence quan tum yield was 

determined by choosing the excitation wavelength at 420 nm and comparing with 

the fluorescence emission in ethylene glycol (^ = 9.6 x 10"^) [15]. 

Results and Discussion 

Two exper iments were performed to investigate the solvent viscosity and the 

polar i ty effect on the nonradiat ive ra te of DABIMN in alcohols. The first one 

was done for DABIMN in alcohols at a constant (room) t empera tu re , whereas the 

second was done under isoviscosity conditions. Since the fluorescence q u a n t u m 



37 

yield is quite small (2 - 4 x 10~^), the nonradiative rate {knr) is larger than the 

radiative rate {kr) by a factor of 300 to 500, Since the absorption and emission 

spectra of DABIMN in solvents under study are similar, the radiative rate is ex

pected not to change much and can be approximately assumed to be independent 

of these solvents. Note that this solvent-independent approximation has to be 

made because the fluorescence lifetime of DABIMN in these solvents are in the 

picosecond range [14] which is beyond our instrument resolution capability. The 

calculated kr was reported to be 2.85 X 10® s~^ [14], This value was also deter

mined by a single photon counting technique at low temperature [53]. The rate 

knr was calculated from the definition knr = kr{l/(l) — 1), where (f) is the quan

tum yield. The measured quantum yield (j) and calculated nonradiative rate knr 

are listed in table 3,1. The viscosities rj are interpolated data from reference 39, 

and the solvent polarity parameters £^r(30) are from references 2 and 3. ET{^0) 

is determined from the transition energies for the intramolecular charge-transfer 

band of the pyridinium phenol betaine dye. The absorption and the emission 

peaks are also listed in table 3.1 [16], 

Since both the bandwidth and peak positions of the absorption and emission 

spectra are independent of temperature, the rate kr can be considered to be in

dependent of temperature. The temperature-independent aspect of the radiative 

rate has also been experimentally proved for DODCI dye in ethanol [59]. Con

sequently, the temperature dependence of (f) is associated only with the value 

of knr- Although knr cau be generally divided into temperature-independent 

and temperature-dependent parts, the temperature-independent term can be ne

glected because the quantum yield approaches unity at low temperatures [14]. 

Fluorescence quantum yields were measured at different temperatures in each of 
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the solvents. T h e values of knr at each tempera ture were calculated by using the 

assumed constant kr value and are shown in the Arrhenius plots in figure 3.1. 

T h e fitted activation energies Ea are listed in table 3.1. The logari thm of the 

knr values varies linearly with the solvent polarity parameters E r ( 3 0 ) as shown in 

figure 3,2. So far, the variation in knr can still be a t t r ibu ted to solvent viscosity 

change or to solvent polarity change, 

Loutfy and Law [14] showed tha t the Si s tate of DABIMN is a TT^TT" t ransi t ion 

with a considerable amount of charge transfer character. The es t imated and 

calculated dipole moments of the ground and first singlet excited s ta te are 9,8 D 

and 17,5 D, ^espectivelJ^ A similar molecule (DMABN) deserves special a t tent ion. 

T h e dual fluorescence of DMABN has been extensively studied [4-7]. Although 

exci tat ion of the DMABN molecule results in a single fluorescence band centered 

a round 340 nm, a new red-shifted (by about 120 nm) fluorescence appears in 

polar solvents. This dual fluorescence was not observed for DABIMN in polar 

solvents. This absence of dual fluorescence can be explained by Quitevis ' model 

[8,9]: 
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Here p and t represent the planar and the twisted s ta te , respectively, kpt is the 

ra te for ro ta t ion from the planar excited s tate to the twisted excited s ta te , ktp 

is the corresponding reverse ra te , and ki^ is the internal conversion rate in the 

twisted configurations. Since the internal conversion rate is basically described 

by an energy gap law and is not sensitive to tempera ture change, the internal 

conversion from the excited to the ground state in the planar configurations is 

not significant, because such a process would give rise to a finite nonradiative 

decay pa th at low tempera tu re and result in a fluorescence quantum yield of less 

than unity, contrary to experimental observation [14]. The energy gap AE in 

the twisted configurations and the free energy difference AG between the twisted 

excited s ta te and the planar excited state are defined in equations (3.8) and (3.9) 

below, respectively. 

The above mechanisms yield the ra te equations 

dS^ / dt = -{kpt + kr) 5f + ktp S{ (3.1) 

dSl / dt = - ( ktp + ki, ) Si + kpt SI (3.2) 

By assuming s teady-s ta te approximation for 5^, we obtain 

dS^, / dt = - {kr + knr ) ^f, (3.3) 

where 

knr = kptkic I {kic + ktp ). (3.4) 

If ktp is at least ten t imes greater t han fc^c, then equation (3.4) can be further 

simpHfied to 

knr ~ kic \ kpt I ktp ) = kic I^i \^'^) 
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where K is the equihbrium constant for interconversion between the twisted and 

planar s ta tes . So far, the tempera ture dependence of knr can be a t t r ibu ted to 

the t empera tu re dependence of ki^ and K. However, for large aromatic molecules 

the nonradiat ive t ransi t ion probability reveals an exponential dependence on the 

energy gap between the So and Si states and a weak dependence on tempera ture 

[60,61]. Therefore, kic can be expressed in terms of the energy gap law as 

kic oc exp { --fAE ), (3.6) 

where AE is the energy difference between the excited state and ground state 

in the twisted configurations and 7 is a positive factor to convert the exponent 

to become dimensionless. The tempera ture dependence of knr is then primarily 

due to the t empera tu re dependence of K. Since the free energy difference {AG) 

between the twisted and planar states for DABIMN in all of the solvents can be 

obtained from the expression AG = —RT InK, we obtain 

K = exp{ -AG/RT ). (3.7) 

Empirically one can assume a linear dependence of A ^ and AG on the solvent 

polari ty pa ramete r ^ j ( 3 0 ) [5,8,9]: 

AE = AE° + a[ E T ( 3 0 ) - 30 kcal/mol ] (3,8) 

AG = AG° + /3[ 7;r(30) - 30 kcal/mol ], (3,9) 

where AE° is the energy gap and AG° is the free energy difference in an alkane 

solvent having an E r ( 3 0 ) of 30 kcal /mol . The parameters a and /3 determine how 

strongly AE and AG vary with solvent polarity and they bo th are dimensionless. 

Since the fluorescence emission peak reflects the solvent polarity and is ob

served to be the same when the t empera tu re is changed, it is reasonable to assume 
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that the solvent polarity is independent of temperature. Therefore, the tempera

ture study can correlate the fitted activation energy {Ea) in table 3.1 with equation 

(3.9), i.e., f3 and {AG° - 30/3 kcal/mol) are equal to the slope and intercept of E^ 

versus ET{SO), respectively. The activation energy decreases Hnearly with ET{30) 

with a slope of -0.32 and an intercept of 17.5 kcal/mol as shown in figure 3.3. 

This indicates that the free energy of the twisted state is 8.0 kcal/mol higher than 

that of the planar state in an alkane solvent. The fact that AG decreases with 

increasing solvent polarity imphes that the barrier height from planar to twisted 

state also decreases with increasing solvent polarity [5]. The positive AG value 

indicates that the twisted state is less stable than the planar state. This may 

explain why the fiuorescence band in the twisted state is not observed. 

Combining equations (3.5)-(3.9) yields 

knr oc exp{-{i3/RT -f a7)[Er(30) - 30 kcal/mol]}exp{-AG°/RT}. (3.10) 

The slope of In knr versus ET{^0) is —{jS/RT -\- a^). From figures 3.2 and 3.3, 

we obtain —{P/RT -\- a')) = 0,26 mol/kcal and /3 = -0,32. Therefore, aj is 

deduced to be 0.28 mol/kcal. The positive value of a suggests that AE increases 

with increasing solvent polarity. If this also applies to the DMABN molecules, 

we may predict that the fluorescence will come more and more from the twisted 

state when the solvent polarity becomes stronger. The quantum yield is enhanced 

because kic decreases as AE increases in the twisted configurations. 

It may be necessary here to discuss the other possibilities for ktp and kic. For 

the case of kic — ktp, the expression of knr woidd lead to non-linear Arrhenius 

plots. This possibility is ruled out because all observed Arrhenius plots are quite 

linear. For the case of ktp <C kic, we can derive knr — kpt from equation (3,4). A 

linear dependence of the barrier height Ea on solvent polarity parameter ET{^0) 
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is assumed as follows [5]: 

Ea = El-^ (3[ET{ZQ) - 30 kcal/mol]. (3.11) 

Note tha t the nonradiat ive activation energy is explained to be the barrier height 

ms tead of the free energy difference, as in the previous assumption for ktp < kic. 

From the plot of Ea versus E T ( 3 0 ) as shown in figure 3.3, we obtain (3 = -0 .32 . 

The polar i ty-dependent ra te can be expressed as 

knr = k^^exp{-P[ET{30) - 30 kcal/mol]/RT}exp{-El/RT}. (3.12) 

From the plot of In knr versus 7:^(30) as shown in figure 3.2, we obtain ^/RT 

= -0.26 mol /kcal . The value of /3 = -0.15 from equation (3.12) is off too much 

from tha t obta ined from equation (3.11), Therefore, we chose the condition of 

ktp ^ kic iu our derivation. 

To isolate the solvent viscosity effect, the nonradiative rate can be corrected 

with the relation 

kcorr = knr exp{ {(3/RT + a^) [^r(30) - 30 kcal/mol] } . (3.13) 

The calculated kcorr values are shown in table 3.1. We can now investigate the 

viscosity dependence of the nonradiat ive rate by plott ing the logari thm of the 

polari ty-corrected-rate versus In 7/ (figure 3.4). The slope of 0.0033 obtained by 

a linear least-squares fit indicates tha t the rate is viscosity independent . 

It is interest ing to compare the DABIMN and DMABN molecules. Both of 

their Si s ta tes are C T 7r,7r* states which can undergo a rotat ion of the electron-

donat ing group about the amino-phenyl bond. The DMABN molecule has dual 

fluorescence bands in polar solvents, with Hfetimes in the nanosecond range [7]. 

T h e DABIMN molecule has only a single fluorescence band and its lifetime is 
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in the picosecond range. Their different behaviors might be from the different 

electron-accepting group on the other para-subst i tu ted end of the aromatic ring. 

Nevertheless, our analysis (linear decrease of free energy difference with increasing 

solvent polari ty and no significant viscosity dependence of the rate) is consistent 

with t ha t for the DMABN molecule [5]. 

In the second experiment , isoviscous experiments were performed with vis

cosities set at 2, 2.5, 3, 3.5 and 4 cP by varying the tempera ture of each solvent. 

The interpolated tempera ture , measured quan tum yield, and calcidated values of 

knr are listed in table 3,2, 

From the isoviscous experiments performed in normal alcohols, we have evi

dence tha t the nonradiat ive rate is strongly dependent on solvent polarity. The 

da ta in table 3.2 show tha t as the tempera ture is decreased, the nonradiative 

ra te increases ra ther t han decreases. If the nonradiative rate were independent of 

solvent polarity, then the knr values would decrease as the tempera ture decreases. 

To correct for the solvent polarity and tempera ture effects, the nonradiative 

ra te can be modified by the following relation 

Korr = knr exp{ {^/RT + a^f) [ E r ( 3 0 ) - 3 0 kcal/mol] } exp{ AG°/RT } . (3.14) 

The calculated k^^^ values are also listed in table 3.2. Ideally, these k^^^ values 

should be identical for the same viscosity (under the assumption tha t there is 

a viscosity dependence) . Although the experimental errors introduce some de

viations, the kl^^^ values do not show an increasing trend as the t empera tu re is 

lowered. 

Another way to check for the viscosity dependence is to study the variation of 

jb* with different viscosities of each of the solvents in table 3.2, Since we observe 
COTT 

no t rend , it seems again tha t the nonradiat ive rate is independent of viscosity. 
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Both of the above experiments show tha t the solvent polarity strongly influ

ences the nonradiat ive rate of the DABIMN molecule. Although the free energy 

difference between the twisted and planar configurations decreases with increasing 

solvent polarity, the energy gap between the singlet excited and ground states in 

their twisted configurations increases with increasing solvent polarity. After cor

recting for the polarity effect (and tempera ture effect in isoviscous experiments) , 

the dependence of the nonradiative rate on solvent viscosity becomes insignificant. 

Although our results (for DABIMN in normal alcohols) are consistent with 

Eisenthal 's (for DMABN in nitriles), they are in contradiction to Kelly's (for the 

acid form of rhodamine B in normal alcohols). From Kelly's results [8,9], the free 

energy difference between the twisted excited state and the planar excited state 

increases with increasing solvent polarity. If this result also can be applied to 

the D M A B N molecule, the dual fluorescence should not be observed because the 

twisted excited s ta te becomes even less stable than the planar excited state as 

solvent polarity increases. One problem in Kelly's experiments may be inaccurate 

t empera tu re readings by connecting the tempera ture probe to the copper block 

containing the sample cuvette. Consequently, the discrepancy may be referred 

to the q u a n t u m yields and the lifetime measurements at various tempera tures . 

In our exper iments , we immersed a probe in the sample solution. In order to 

obta in more evidence to confirm the results obtained above, we performed a 

same experiment for rohodamin B in a series of normal alcohols. The results are 

presented in the next section. 
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Effect of Solvent Polarity on Torsional Motion of 
Rhodamine B in Normal Alcohols 

Abstract 

In this work, we apply the same model as above to a different dye which 

exhibits similar mechanisms after excitation. This will allow us to understand 

better the photophysical processes for these dyes. Experiments were performed 

to investigate solvent polarity and solvent viscosity effects on the nonradiative 

rate of rhodamine B in a series of normal alcohols. More solvents were used in 

this study compared to the previous one. We measured fluorescence quantum 

yields for rhodamine B in these solvents as a function of temperature. We also 

measured fluorescence lifetimes at room temperature. The effect of temperature 

on the radiative rate has been found insignificant for DODCI in methanol [59]. 

We thus assume that the radiative rate is independent of temperature for rho

damine B, The nonradiative rates are extracted from the quantum yields and 

the temperature-independent radiative rates. The variations in the nonradiative 

rate are attributed mainly to polarity-induced free energy change and energy gap 

change rather than to viscosity change. The analyses from both DABIMN and 

rhodamine B are consistent. 

Introduction 

Rhodamine B is a xanthene dye. Upon excitation, there is a change in its 

dipole moment associated with the internal twisting of the diethylamino group 

about the CN bond (see figure 3,5) [62], A twisted-intramolecular-charge-transfer 



46 

( T I C T ) s ta te is formed by the internal twisting and characterized by charge t rans

fer from a donor to an acceptor. For rhodamine B, the donor is the amino group 

and the acceptor is the xanthene ring with the carboxyphenyl group [63!. 

Eisenthal and coworkers [5-7] proposed a model to explain the dual fluores

cence for DMABN in polar solvents. Kelly and Quitevis [8,9] modified this model 

for explaining the disappearance of dual fiuorescence for the acid form of rho

damine B in polar solvents. We have used Kelly's and Quitevis ' model to inves

t igate the effect of solvent polarity on torsional motion of DABIMN in normal 

alcohols and our results were presented in the previous section. The DABIMN 

molecules are similar to DMABN molecules except for the end groups. Therefore, 

we might expect a similar dependence of solvent polarity effects on the free energy 

difference between the twisted excited state and the planar excited s ta te , on the 

barrier height from the planar excited s tate to the twisted excited s ta te , and on 

the energy gap in the twisted configurations. We did obtain consistent results 

with those obta ined by Eisenthal [5]. However, our results are different from 

Kelly's [8,9]. To determine whether the different results are due to the markedly 

different s t ructures between DABIMN and rhodamine B, we performed a same 

experiment for rhodamine B. Our results for rhodamine B in its base form are 

consistent to those for DABIMN, One may argue that the different results be

tween Kelly's work and our work might be due to the different hydrogen bonding 

capabili ty between the acid form and the base form of rhodamine B. To avoid hy

drogen bonding interact ions, solvents without hydrogen bonding characters such 

as nitriles should be used. This would be another topic for future studies. 
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Experimental Details 

Rhodamine B was purchased from Sigma Chemical Company and used as re

ceived. Methanol , butanol , pentanol , heptanol and octanol were obtained from 

Fisher Scientific Company. Ethanol (200 proof) was obtained from Aaper Al

cohol and Chemical Company. Propanol , hexanol and decanol were obtained 

from Eas tman Kodak Company. Nonanol was obtained from Sigma Chemical 

Company. All solvents were used without further purification. 

The absorbance of all samples was recorded with a Perkin Elmer Lambda 5 

U V / V I S spectrophotometer . The concentration of rhodamine B was controlled by 

choosing a value ~ 0.15 for the optical density at the absorption maximum. The 

fluorescence spectra were measured in the same way as described in the first part 

of this chapter. The fluorescence q u a n t u m yield was determined by choosing the 

excitat ion wavelength at 510 n m and comparing with the fluorescence emission 

of a dilute concentration of rhodamine B in ethanol {(j) = 0.65) [64]. 

Results and Discussion 

The spectral shifts observed for rhodamine B with concentration change are 

a t t r ibu ted to acid-base reactions of the carboxylic acid group and not to dimer 

formation [65-67]. In dilute alcohol solutions (~ 10~^M) rhodamine B is largely 

in its base form. We obtained the absorption and emission peaks for rhodamine 

B in ethanol at 543,1 nm and 568 nm, respectively. The spectra obtained agree 

well with those obtained by other workers [65-67]. 

One distinct difference between rhodamine B and DABIMN molecules in al

cohols is the range of their excited s ta te Hfetimes, Although it is impossible 
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to determine the fluorescence Hfetime in the picosecond range for DABIMN in 

alcohols due to instrument resolution Hmitations with our fast analog technique, 

it is easy to experimentally determine the fluorescence Hfetime in the nanosecond 

range for rhodamine B in alcohols. Other fluorescence Hfetime measurements 

with our fast analog technique on geological samples and the experimental set-up 

were described elsewhere [68-70]. This experimental set-up was modified for the 

present work by taking account of the effect of rotational diffusion. Two polar

izers (excitation polarizer and emission polarizer) are added and the fluorescence 

intensity is acquired at the magic angle. The details can be seen in chapter V. 

The fluorescence lifetimes for rhodamine B in alcohols at room temperature are 

listed in table 3.3. The radiative rate is calculated from the quantum yield and 

the fluorescence lifetime under room temperature conditions. Assuming that the 

radiative rate is independent of temperature, the above-calculated value can thus 

be used to deduce the nonradiative rates for each of the solvents under different 

temperatures. 

The measured quantum yield and calculated nonradiative rate at room tem

perature are listed in table 3,3. The viscosity rj in table 3.3 is interpolated data 

from reference 39 and the solvent polarity parameter 7^^(30) is from references 2 

and 3. Although knr can be generally divided into temperature-independent and 

temperature-dependent parts, the temperature-independent part can be neglected 

because the quantum yield approaches unity at low temperature [65]. Fluores

cence quantum yields were measured at different temperatures for each of the 

solvents. The values of knr for rhodamine B in decanol at different temperatures 

were calculated by using the temperature-independent kr value and are shown in 
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the Arrhenius plot in figure 3,6, The Arrhenius plots for rhodamine B in other 

solvents are similar. The fitted activation energies of Ea are Hsted in table 3.3. 

Several models have been proposed to explain the torsional motion on the 

basis of solvent viscosity. These include (1) simple barrier (2) Kramer 's model 

(3) Smoluchowski Hmit, and (4) frequency-dependent friction [71]. The common 

idea among these models is tha t of an energy barrier. For rhodamine B. the 

barr ier is tha t energy necessary for the diethylamino groups to ro ta te from the 

planar to the twisted s ta te . 

The simplest barrier model is the transit ion-state-theory. The reactants gain 

enough energy to cross the barrier through collision. In transit ion-state-theory, 

the energy barrier (-Efc) is assumed to be a solvent-independent fixed barrier. 

This assumption violates the fact tha t the solvent polarity can lower or raise the 

potent ia l surface. The variation of activation energies of Ea in table 3.3 also 

proves tha t the assumption of an unchanging barrier height is not appropriate 

in our case. Kramer ' s model is an extension of the transi t ion-state-theory model 

and assumes Brownian motion in a one-dimensional harmonic potential . However, 

Kramer ' s model cannot reproduce the observed viscosity dependence of excited-

s ta te relaxation for molecules undergoing photoinduced conformational changes 

[72-76]. In the high viscosity regime, we can derive the Smoluchowski limit from 

the Kramer ' s equat ion. From the expression of the Smoluchowski limit, we can 

deduce Ea = E^ -\- Ej^, where Ea is the fitted nonradiat ive activation energy 

and Er^ is the viscosity activation energy, TĴ  was fitted by the expression 7/ = 

r]oexp{Er,/RT) and the viscosity d a t a were from reference 39, Both values of Ea 

and ETJ are listed in table 3.3. T h e values of Eb vary from 2.6 to 4.1 kcal /mol . 
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Since the viscosities are at most 10 cP for ad of the solvents and for different 

t empera tu res , the condition of a high viscosity regime may not apply in our case. 

Grote and Hynes [77] proposed a frequency-dependent friction model. The 

ra te of photoinduced conformational change can be fitted with the foHowing equa

tion 

knr = {C/ri^)exp{-E,/RT), (3.15) 

where C is a constant and 7 = 0.23-0.6 [72-76]. The fits to our da ta for the 

variation of knr at room tempera ture yield 7 = 0.23. This value can be verified 

from the t empera tu re dependence of knr- By substi tut ing rj = r]oexp{Er,/RT) into 

equation (3.15), we obtain a linear relationship between Ea and Er,. From the 

plot of Ea versus Er,, we find a slope 7 = 1.3, which is about 6 times larger than 

the previous one. The above analysis may imply that it is not enough to only 

take account for the solvent viscosity effect on the torsional motion of rhodamine 

B in alcohols. 

Before considering the solvent polarity parameter , two phenomena need to be 

considered in our analysis. The absence of dual fiuorescence for rhodamine B in 

alcohols implies tha t there is no radiative process from the excited to the ground 

state in the twisted configurations. In addition, it also implies tha t the twisted 

excited s ta te is less stable than the planar excited state. The fact tha t the twisted 

excited energy level is higher t han the planar excited energy level wiU be proved 

later. This obviously leads to an assumption of a s teady-state approximation for 

the in termedia te step - the twisted excited s ta te . The other phenomenon one 

needs to be aware of is the fact tha t the fiuorescence quan tum yield approaches 

uni ty when the t empera tu re is decreased [65], The internal conversion ra te reveals 

an exponential dependence on the energy gap between the So and 5i s tates and 
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a weak dependence on temperature [30,78]. If the internal conversion rate from 

the excited to the ground state in the planar configurations is significant, it would 

result in a fluorescence quantum yield of less than unity no matter how low the 

temperature is. This result is contrary to experimental observation and implies 

that the internal conversion rate is negHgible compared to the radiative rate in 

the planar configurations. 

Since the fiuorescence emission peak reflects the solvent polarity and is ob

served to be the same when the temperature is changed, it is reasonable to assume 

that the solvent polarity is independent of temperature. Therefore, a tempera

ture study correlates the fitted activation energy {Ea) in table 3.1 with equation 

(3,9), i,e., P and {AG° — 30/5 kcal/mol) are equal to the slope and intercept of Ea 

versus 7^7^(30), respectively. The activation energy decreases linearly with 7^^(30) 

with a slope of -0,70 and an intercept of 43,3 kcal/mol as shown in figure 3.7. 

This indicates that the free energy of the twisted state is 22.4 kcal/mol higher 

than that of the planar state in an alkane solvent. The fact that AG decreases 

with increasing solvent polarity implies that the barrier height from planar to 

twisted state also decreases with increasing solvent polarity. The positive AG 

value indicates that the twisted state is less stable than the planar state, and 

thus validates the steady-state approximation and explains the disappearance of 

the fluorescence band in the twisted configurations. 

The plot of In knr versus ET{SO) is shown in figure 3.8, From figures 3.7 and 

3.8, we obtain P = -0,70 and -{P/RT + ^7) = 0.098 mol/kcal. Therefore, aj is 

deduced to be 1,1 mol/kcal. The positive value of a suggests that AE increases 

with increasing solvent polarity in the twisted configurations. 
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It is necessary to discuss the other possibiHties for ktp and kic- If ktp ~ ki^ 

the expression of knr would lead to non-Hnear Arrhenius plots. This possibiHty 

is ruled out because all observed Arrhenius plots are quite Hnear. For the case of 

ktp < kc, we can derive knr ^ kpt from equation (3.4). A Hnear dependence of 

the barrier height Ea on solvent polarity parameter ET{SO) is assumed as shown 

in equat ion (3.11). Note tha t the nonradiative activation energy is explained 

to be the barrier height instead of the free energy difference, as in the previous 

assumption for ktp > kic. From the plot of Ea versus ET{30) as shown in figure 

3.7, we obtain P = -0 ,70. The polari ty-dependent ra te can be expressed as shown 

in equation (3,12), From the plot of In knr versus Er (30 ) in figure 3.8, we obtain 

P/RT = -0.098 mol/kcal . The value of/3 = -0.058 obtained from equation (3,12) 

is off too much from tha t obtained from equation (3.11), Therefore, we chose 

ktp ^ kic in our analysis. 

To isolate the solvent viscosity effect, the nonradiative rate can be corrected 

with the relation shown in equation (3.13), The calculated kcorr values are shown 

in table 3,3, We can now investigate the viscosity dependence of the nonradiative 

ra te by plot t ing In kcorr versus In rj as shown in figure 3.9. The slope of 0.003 

obtained by a least-squares fit indicates that the rate is viscosity independent . 

A more general case including tempera ture correction is presented in table 

3.4 to provide more evidence for the independence of the nonradiative rate on 

solvent viscosity. To correct for the solvent polarity and tempera ture effects, 

the nonradiat ive ra te can be modified with the relation in equation (3.14), The 

calculated values of knr and ^corr ^^ different tempera tures in each of the solvents 
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are Hsted in table 3.4. Since we observe no common trend for the variation of 

Korr versus viscosity, it shows again tha t the nonradiative rate is independent of 

solvent viscosity. 

The analysis of rhodamine B in this work is consistent with that of DABIMN 

molecides. Both dyes exhibit torsional relaxation and no fluorescence band in 

the twisted configurations. Both also show tha t the free energy difference be

tween the twisted and the planar excited state decreases with increasing solvent 

polarity, and the energy gap between the excited and the ground state in the 

twisted configurations increases with increasing solvent polarity. After correcting 

for the polarity effect, the dependence of the nonradiative rate on the solvent 

viscosity for bo th dyes becomes insignificant. These common features provide 

some information about general characteristics of molecules exhibiting rotational 

isomerization. 
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Table 3.1 

Solvent polarity, viscosity, nonradiative rate, and other parameters 
of DABIMN dye at room temperature. 

Solvent 

Propanol 

Butanol 

Pentanol 

Hexanol 

Heptanol 

nm 

447.0 

447.4 

447,0 

447,6 

447,5 

•^em 

71771 

490 

489 

486 

486 

484 

v' 
cP 

1.996 

2.638 

3.834 

4.750 

4.755 

7:^(30)'^ 
kcal/mol 

50,7 

50,2 

49.1 

48,8 

48,5 

lO^ '̂̂ ' 

2.02 

2.33 

2.90 

3.22 

3.71 

l^-''knr' 
S-' 

1.41 

1,22 

0,98 

0.88 

0.77 

Ea 
kcal/mol 

1.54 

1.48 

1.89 

1.87 

2.33 

i U Kcorr 

S-' 

6.97 

6.86 

7.31 

7.12 

6.66 

kr = 

° From reference 16, 
^ From reference 39, 

'^ From references 2 and 3. 
'̂  Estimated errors of (/> < ±10%. 

2,85 X 10® 5"-̂  (from reference 14) for all data. 
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Table 3.2 

Solvent polarity effect on nonradiative rate of DABIMN 
at 2, 2.5, 3, 3.5 and 4 cP in normal alcohols. 

Solvent 
Viscosity* 

2.0 

2.5 

3,0 

3,5 

4.0 

c 

Propanol 

23.9^ 
2,02̂ = 
1.41'̂  
5,42" 
14.8 
2.22 
1.28 
5.32 
7.80 
2.43 
1.17 
5.18 
2.10 
2.54 
1.12 
5.23 
-2.70 
2.66 
1.07 
5,22 

Butanol 

35,0 
2.23 
1.28 
5.07 
26.1 
2.32 
1,22 
5.25 
19,2 
2,46 
1,16 
5,29 
13.6 
2,57 
1,10 
5.33 
8.90 
2,69 
1.06 
5,35 

** in units of cP. 
102< ,̂ '^ 10-iifcnr, s 

Pentanol 

47.6 
2.29 
1.25 
5.68 
39,1 
2.48 
1,15 
5.69 
32.5 
2.65 
1.08 
5.70 
27.1 
2.79 
1.02 
5.71 
22.6 
2.91 
0.98 
5,75 

'' temperat 
- \ ^ 10-

Hexanol 

55,3 
2,35 
1.21 
5.48 
46.6 
2.54 
1.12 
5,52 
39,8 
2.70 
1.05 
5.55 
34.3 
2.85 
1.00 
5.55 
29,7 
3,01 
0,94 
5,54 

ure, °C. 
14L* _ - l 

'^corr-i * 

Heptanol 

56.8 
2.56 
1.11 
5.26 
47.7 
2.83 
1.01 
5.22 
40.6 
3.08 
0.93 
5.59 
34.8 
3.22 
0.88 
5.26 
30.0 
3.42 
0.83 
5,22 
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Table 3,3 

Solvent polarity, viscosity, nonradiative rate, and other parameters 
of rhodamine B in normal alcohols at room temperature. 

Solvent 

Methanol 

Ethanol 

Propanol 

Butanol 

Pentanol 

Hexanol 

Heptanol 

Octanol 

Nonanol 

Decanol 

1" 
cP 

0.555 

1.075 

1.950 

2.570 

3.722 

4.608 

4.618 

7.351 

10,25 

11,53 

7:^(30)^ 
kcal/mol 

55,50 

51.90 

50,70 

49,90 

49,10 

48,83 

48,55 

48.30 

47,95 

47,60 

< ^ ' = 

0,55 

0,65 

0,66 

0.66 

0,68 

0,69 

0.69 

0,69 

0,70 

0,71 

r'^ 
ns 

2.54 

3.10 

3.28 

3.33 

3.48 

3,56 

3,55 

3.60 

3,73 

3.64 

lO-'fc, 
s-^ 

2.165 

2.097 

2.012 

1.982 

1.954 

1.938 

1,944 

1,917 

1.877 

1.951 

l^-'knr 
S-' 

1,771 

1,129 

1,036 

1,021 

0.920 

0.871 

0.873 

0.861 

0.804 

0,797 

Ea/Er, 
kcal/mol 

5.36/2.46 

5.99/3.36 

7.28/4.16 

8.26/4.58 

8.88/5.22 

9.26/5.36 

9.27/5.15 

10.10/6.04 

10,18/6.30 

10.34/6.63 

10 l^corr 

S-' 

1.44 

1.31 

1.35 

1.44 

1.40 

1.36 

1.41 

1.42 

1.37 

1.41 

'^ From reference 39. 
** From references 2 and 3, 

'^ Estimated error of </> < ±10%, 
'^ The lifetime measurements are discussed in chapter V, 
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Table 3,4 

The nonradiative and corrected nonradiative rates of rhodamine B 
at different temperatures in normal alcohols. 

Methanol 

Ethanol 

Propanol 

Butanol 

Pentanol 

Hexanol 

Heptanol 

Octanol 

Nonanol 

Decanol 

273.3° 
0.79^ 
3.19'^ 
288.4 
0.79 
3.39 
281.0 
0.52 
3.75 
288.2 
0.65 
3.69 
288.2 
0.52 
3.34 
295.5 
0,77 
3,41 
289,5 
0.61 
3.93 
295.8 
0,81 
3,76 
297,2 
0,80 
3.58 
303,8 
1.15 
3.66 

° Temperature, °. 

281.3 
1.07 
3.38 
292.9 
0.96 
3.38 
288,0 
0,71 
3.65 
292.9 
0.84 
3.79 
292.9 
0.70 
3.47 
302.9 
1.14 
3.47 
297,2 
0,87 
3,66 
299,6 
1.01 
3.81 
306,8 
1.32 
3.50 
312,9 
1,97 
3,87 

K. ^ 10 

289.4 
1,43 
3.61 
298.3 
1.13 
3.20 
297.1 
1.05 
3,53 
298,0 
1,04 
3.65 
297,9 
0,92 
3.50 
307.5 
1.43 
3.45 
303.2 
1.13 
3.46 
304,3 
1,38 
4,06 
314.0 
1,84 
3,37 
323,6 
3,42 
3,93 

'^nri 

297.3 
1.77 
3.63 
303.0 
1,33 
3.13 
305.6 
1.48 
3.43 
302.9 
1.33 
3.69 
302.9 
1.15 
3,40 
313.0 
1.79 
3.33 
308.0 
1,51 
3.62 
309.9 
1.90 
4.20 
321.6 
2.79 
3.52 
331.1 
4.80 
3.87 

s- i '̂ -

305.7 
2.22 
3.68 
308.6 
1.58 
3.01 
313.9 
2.02 
3.33 
308.6 
1.70 
3.63 
308.6 
1.49 
3.34 
319.8 
2.48 
3.36 
313.8 
2.08 
3.76 
321.6 
3.20 
4.02 
329.3 
4.01 
3.53 
335.8 
5.86 
3.82 

314.0 
2.84 
3.87 
314.0 
1.88 
2.95 
321.4 
2.68 
3.30 
314.1 
2.16 
3.64 
314.0 
1.92 
3.35 
328.5 
3.76 
3.47 
320.9 
2.83 
3.66 
326.9 
4.12 
4.06 
337.2 
5,58 
3.46 
341.4 
7.61 
3.87 

^^-''Korr. S-\ 
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Figure 3.1. Arrhenius plots of the nonradiative rates of DABIMN 
in (A) propanol, (B) butanol, (C) pentanol, (D) 
hexanol, and (E) heptanol. 
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Figure 3.2. Plot of the nonradiative rates of DABIMN in (A) 
propanol, (B) butanol, (C) pentanol, (D) hexanol, 
and (E) heptanol versus polarities of these alco
hols at room tem.perature. 
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Figure 3.3. Plot of the activation energies of DABIMN in (A) 
propanol, (B) butanol, (C) pentanol, (D) hexanol, 
and (E) heptanol versus polarities of these alco
hols. 
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Figure 3.4. Plot of logarithm of the polarity-corrected nonra
diative rates of DABIMN in (A) propanol, (B) 
butanol, (C) pentanol, (D) hexanol, and (E) hep
tanol versus logarithm of viscosities of these alco
hols. 



-<&-

62 

Figure 3,5. Structure of rhodamine B. 
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Figure 3,6. Arrhenius plot of the nonradiative rate of rhodamine 
B in decanol. 
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Figure 3.7. Plot of the activation energies of rhodamine B in 
(A) methanol, (B) ethanol, (C) propanol, (D) bu
tanol, (E) pentanol, (F) hexanol, (G) heptanol, 
(H) octanol, (I) nonanol, and ( J ) decanol versus 
polarities of these alcohols. 



65 

20.0 n 

CJ 
CD 
in 

19,0 -

C 

18.0 I 1 1 I I 1 I I I I ' i " i I 1 I 1 I I I I I 1 I 1 I I I 1 I 1 I I 1 I 

47.0 49.0 51,0 53,0 
"T I I [ I I [—T I I 1 I I I 

55.0 57.0 

E^(30) (kcal/mol) 

Figure 3 8 Plot of the nonradiative rates of rhodamine B in 
* * (A) methanol, (B) ethanol, (C) propanol, (D) 

butanol, (E) pentanol, (F) hexanol, (G) heptanol, 
(H) octanol, (I) nonanol, and (J) decanol versus 
polarities of these alcohols at room temperature. 
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Figure 3.9. Plot of logarithm of the polarity-corrected non
radiative rates of rhodamine B in (A) methanol, 
(B) ethanol, (C) propanol, (D) butanol, (E) pen
tanol, (F) hexanol, (G) heptanol, (H) octanol, (I) 
nonanol, and (J) decanol versus logarithm of vis
cosities of these alcohols. 



CHAPTER IV 

DETERMINATION OF THE EXPERIMENTAL 

UNCERTAINTIES IN THE ANALYSIS OF 

FLUORESCENCE DECAYS WITH A 

FAST ANALOG TECHNIQUE AND 

COMPUTER SIMULATIONS 

Abstract 

A new method to assess the experimental uncertainties present when acquiring 

and fitting fiuorescence decays with a fast analog technique is described. This way, 

the uncertainties present can be determined entirely from experimental data, and 

the data acquisition time and computer memory limitations also are improved. 

The model has been tested with real fiuorescence decay data. The reduced x^ 

thus obtained is close to unity, as it should be. 

Introduction 

In a paper by Grinvald [79], a proper weighting function for the experimental 

uncertainties present in the fitting of fiuorescence decays was demonstrated with 

simulated data and markedly improved the analysis. It is weU known how to 

obtain this weighting function (Poisson-distributed counting error) in fluorescence 

decay measurements with a single photon-counting technique by taking V ^ , 

where Ni is the number of counts in the i-th channel [71,79], However, in our fast 

analog technique [80], the noise is neither normally distributed (corresponding to 

a Gaussian distribution with zero mean) nor similar in character to a counting 

error [79], 

67 
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We propose here a model to find the experimental uncertainties (weighting 

function), and we use some real fluorescence decay data for verification. The 

mathemat ics for this method is described below. We apply bo th discrete life

t imes (sum of exponentials method) and lifetime distribution (exponential series 

me thod) [81,82] to analyze the data . The significance of lifetime distribution is 

stressed in James ' work [83]. In the discrete Hfetimes method, the fluorescence 

decay is assumed to consist of only a few (usually not more than three) discrete 

components , and bo th the lifetimes and pre-exponential coefficients are varied in 

the process to obtain the best fit. In the lifetime distribution method, a con

t inuous distr ibution is approximated by choosing a large number N of assumed 

lifetimes (usually with a range from 20 to 60), so tha t the lifetimes r̂  are fixed 

and only the pre-exponential coefficients are determined with a least square fitting 

rout ine. Both methods are based on the Marquardt algorithm [84]. The results 

we obtained justify our method for determining the experimental uncertainties 

present in the measurements . 

Appara tus 

The laser fiuorescence microscopy system is shown schematically in figure 4 .1 . 

Fur ther details are described elsewhere [68,69,80], For fluorescence excitation, an 

E G & G 2100 ni t rogen-pumped dye laser with a BPBD dye (emission peak at 368 

nm) is used. The light pulses are directed to the sample via a liquid light guide 

and Leitz M P V 3 microscope optics. The emit ted fluorescence pulses from the 

sample are directed through an emission monochromator and detected by a two-

stage proximity-focused microchannel plate photomultipHer tube . The individual 

ou tpu t pulses from the M C P are acquired and signal-averaged with a Tektronix 
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7912AD fast waveform digitizer. The measured signal is the convolution of the 

actual fluorescence decay with the ins t rument response. 

Model for the Error Function 

The best fit is obtained when the reduced error-squared sum x^ is minimized. 

X^ is defined as 

.2 ^ _ ± _ f M!lzil!(!)J! Ml) 
^ N-Kfr{ <T^{i) ' ^ ^ 

where M{i) the measured fluorescence signal in the i-th channel, M°{i) the flt 

to the da ta , TV the total number of acquisition channels, K the number of fitting 

parameters to fit da t a from N channels, and N — K the total number of degrees 

of freedom. The objective is to determine the cr^(i)'s. We first subtract the 

average baseline from the fluorescence pulses. The baseline (actually not a line 

but a curve) is the trace when the t ime base is triggered and the input signal is 

below the detection level. The experimental uncertainties therefore include two 

terms if we neglect the correlated te rm [84], The weight <T ,̂ the square of the 

uncertainty in the measurement of the j ' - th channel, is given by 

crj = cr^{baseline) + a^{ fluorescence), (4-2) 

where the first t e rm is determined by measuring the variance of the baseline, and 

the second t e rm is the variance in the fiuorescence intensity. Ideally, in order to 

obta in the s tandard deviations <7j(baseline) and CTJ(fluorescence), we have to store 

all signal pulses individually and then do the statistics. However, this takes too 

much t ime and occupies too much memory in the computer . Since our Tektronix 

7912AD waveform digitizer can acquire groups of up to 64 pulses, we can employ 

this feature to greatly reduce the t ime- and memory-consuming l imitat ions. The 
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mathematical model is as follows: Assume that we want to sum a total of 1024 

pulses in groups of 64 pulses (i.e., 16 groups total). The standard deviation for 

the measured signal in channel j can be written as 

1024 / T T 71/f \2 

' ^ ~ 1023 
(T' = 

E'nTAM.-Mn,)' 
(4.3) 

where CTJ is the standard deviation for the j-th. channel, Mj is the average intensity 

for all the 1024 pulses, and M„j is the individual intensity of the n-th pulse in the 

j'-th channel. Note that the M's stand for both baseline and fluorescence signals 

here. Instead of expressing the aj in this way, we can rewrite: 

a 
2 _ E i t i ( M ; - M r . ) ' 

^ (1024- l ) /64 

where 

(4.4) 

M". = ^ ' = ' ^•^'' (4.5) 
64 

^16 

16 ^; = L ''^ (4-6) 

and where the index j refers to the channel, the index i refers to the i-th group 

and the index k refers to the fc-th pulse in the z-th group. After expanding 

equation (4.4) and then comparing with equation (4.3), we can prove that these 

two definitions are approximately equal. The proof is as follows: 

0-? = 
ElL M-' - 2Ejfi M-M-^ + Ell, (Mr.)-

' (1024 - l)/64 

(1024- l ) /64 

(1024 - l)/64 

e^ £ ; i i mU M:j,f - 16[^ E.^!: % ^ ] ' 
( 1024 - l ) / 64 

(4.7) 

(4.8) 

(4.9) 

(4.10) 



^Z]tilEliiM^,,f-16[^^g^] 
( 1 0 2 4 - l ) / 6 4 

If aU the Mijk are close to each other, then 

16 64 2 jg g^ 

(4.11) 

ElE^i.*] ^E64E^^5. (4-12) 
i = l fc=l 1 = 1 A; = l 

16 64 

= 64J:J:M!,, (4.13) 
i = l k = l 

1024 

A/. 64 Y: M„V (4.14) 
n = l 

Therefore, 

a 
2_hT}nTiMl,-16M,' 

' ( 1 0 2 4 - l ) / 6 4 

^ ( E ^ ° i ? M ^ ^ . - 1 0 2 4 M / ) 

( 1 0 2 4 - l ) / 6 4 

Y.l'2t(M,-Mn,f 

(4.15) 

(4.16) 

(4.17) 
1023 

We usuaUy acquire 512 or 1024 pulses for good signal/noise ratios. For so many 

pulses, we can use equation (4.4) instead of equation (4.3) to save acquisition and 

computation time. Typical experimental uncertainties, fluorescence signals, and 

fitted results for the case of scintillator NE104 are shown in figures 4.2, 4.3, and 

4,4, respectively. 

Comparison of the Fitted Results between the 
Discrete Lifetimes Method and the Lifetime 

Distribution Method 

Two samples were analyzed with the discrete lifetimes method and the Hfetime 

distribution method. The cutoff criterion for terminating the fitting procedure 

is that the difference between two consecutive x^ values is less than 10~^° (10"^) 

for the discrete lifetimes (lifetime distribution) analysis. Such a stringent cutoff 
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criterion for the discrete lifetimes analysis is needed to have consistent results. A 

less rigorous cutoff criterion for the distribution method is from the consideration 

of the computa t ion t ime. 

We demonst ra te the discrete lifetimes method first. Sample A is anthracene 

dissolved in ethanol and sample B is the soHd scintillator NE104. They bo th 

show mono-exponential decays, because the bi- and tri-exponential fits yield same 

lifetimes for the best fit and the sum of coefficients equals tha t for the mono-

exponential fit. The fitted results are shown in table 4 .1 . The corresponding 

results from the distr ibution method for samples A and B are shown in figures 

4,5 and 4,6, respectively. Note that the curves A, B, and C are normalized to the 

same area and tha t they include 20 assumed lifetimes. 

For anthracene, the analysis from the discrete lifetimes method shows tha t its 

lifetime is 4,17 ns. The analysis from the distribution method shows tha t curves A 

and B are broader t han curve C as shown in figure 4,5. In the distribution method , 

the closest lifetime to tha t obtained by the discrete lifetimes method will usually 

occupy the greatest percentage. Curve A in figure 4.5 is the fitted result for a 

range of assumed lifetimes from 3,3 to 5.2 ns with intervals of 0.1 ns. Curve B is 

the case when we fix the range from 3.72 to 4.67 ns with intervals of 0.05 ns. The 

X^ values corresponding to curves A and B are 0.8375 and 0.7994, respectively. 

As one can see, when the assumed range of lifetimes is reduced, the distr ibution 

becomes narrower and the x^ is improved. However, the improved x^ is still larger 

t h a n 0,7848 obtained with the discrete lifetimes method. We thus believe tha t 

the distr ibution does not yet represent the best fit. We therefore narrow the range 

further from 4.111 to 4,225 ns with intervals of 0.006 ns. The resulting distr ibution 

shown as curve C becomes narrower and the x^ — 0.7851 obtained is somewhat 



larger than the value of 0.7848 obtained by discrete Hfetimes method. One may 

wonder if 0.7848 also should be the minimum x^ for the distr ibution method 

and if the distr ibution curve can become infinitesimaUy narrow. To answer this 

question, we have to narrow the intervals again and again to find out whether 

the distribution becomes sharper and the x^ becomes even closer to 0.7848. This 

is indeed the case as we decrease the intervals. However, getting a distr ibution 

curve with zero percentage values at bo th ends depends on a more rigorous cutoff 

criterion (Ax^ < 10~®) and on an appropriate fitting range. 

For the scintiUator NE104, the discrete lifetimes method shows that its lifetime 

and x^ cire 0.79 ns and 0.6993, respectively. The results from the distr ibution 

method in this case are shown in figure 4.6. Curve A in figure 4.6 is the fitted 

results as we fix the range of lifetimes from 0.42 to 1.18 ns with intervals of 0.04 

ns. Curves B and C are the results when we set the range from 0.695 to 0.885 

ns with intervals of 0.01 ns, and the range from 0.762 to 0.819 ns with intervals 

of 0.003 ns, respectively. The x^ values corresponding to curves A, B. and C are 

0.8840, 0.7125, and 0.7004, respectively. The trends of the distribution curves are 

the same as those for anthracene. This leads us to conclude that the best fit from 

the lifetime distr ibution method does approach a delta function for a fiuorescence 

signal represented by a single exponential decay. 

Discussion 

(A) The example of a single exponential decay shows that the best fit is 

not obtained until the same values of lifetimes are obtained when fitted with 

multiple decays. Consistent results are obtained once the same minimum x^ is 

reached with bo th the discrete lifetimes method and the distr ibution method . 



This conclusion is based on our two ideal examples. Usually we do not get such 

perfectly consistent fits. The details will be addressed in part (C) below. There 

are several interesting questions associated with figures 4.5 and 4.6: 

Question: W h a t happens if the number of assumed lifetimes doubled (i.e., the 

interval value is reduced to one half) for the same range of assumed distribution? 

Answer: The distr ibution will become narrower, i.e., there will be more zero values 

at bo th ends on all curves in figures 4.5 and 4.6. This shows that the distr ibution 

curve depends on the intervals of the assumed lifetimes under the same preset 

cutoff criterion. 

Question: Why do the distr ibutions drop to zero values exactly at bo th end points 

on curves 4.5B, 4,5C, 4.6B and 4,6C? 

Answer: It is crucial to set the range for the assumed lifetimes to get zero percent

age values at bo th ends especially for small intervals. If we add more assumed 

lifetimes for the cases of curves 4.5B, 4.5C, 4.6B and 4.6C while keeping the 

intervals as the same, we will get more zero percentage values for all the above-

mentioned cases. 

Question: Why are the Hfetimes spread either over the entire or only part of the 

assumed distr ibution? 

Answer: This question is related to the Marquardt algorithm used which searches 

for the approach to the minimum x^- Usually those assumed Hfetimes farthest 

away from the t rue value have the smallest percentages or ampli tudes. The 

algori thm will keep reducing these insignificant points, but without changing the 

significant points much to get stable, and then finally stop after satisfying the 

preset cutoff criterion. Therefore, the shape of the distribution depends crucially 

on the range and the intervals of the assumed lifetimes. 
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(B) In this par t , we discuss the number of fitting parameters which is related 

to the degrees of freedom. A factor which affects the x^ in equation (4.1) is the 

degrees of freedom which depend on the fitting parameters K. In the discrete 

lifetimes method , the values of K are 2, 4 and 6 for mono-, bi- and tri-exponential 

decays, respectively. If we use these K values to fit the da ta shown in figure 

4.5, then the x^ will increase for a bi-exponential fit and get even larger for a 

tr i-exponential fit. This proves tha t the bi- and tri-exponential decays do not 

improve the fitted results. The reason we have the same x^ values in table 4.1 

is because we assume that K = 2 for all those three different decavs. We also 

set i^ = 2 in the distr ibution method. By setting the range and intervals smaller 

and smaller for each trial to approach the minimum x^5 we can predict that the 

min imum x^ will be obtained when all of the assumed Hfetimes are set equal to 

the t rue value. This is just the case for a single exponential decay. Note tha t 

noise problems usually exist and prevent us from obtaining a ^-function fit for a 

single exponential decay. 

(C) In this par t , we discuss problems which affect the measured data . Even 

though we obtained two very good fits, we found that it is very common to 

acquire contaminated da ta . For example, we sometimes obtain bi-exponential 

best fits for anthracene and NE104, Let us take another NE104 da ta set as an 

example. The results analyzed by the discrete lifetimes method are based on the 

Ax^ = 10~® cutoff criterion, A mono-exponential decay gives A l = 163.6 mV, 

rl — 0,7848 ns and x^ — 2,186, It shows tha t a mono-exponential decay does 

not fit well because the x^ is too large and the fitted curve is off distinctly. The 

bi-exponential decay, which reduces x^ and the residuals significantly, gives (Al 

= 11.90 mV, A2 = 88.10 mV) , ( r l = 0.2153 ns , T 2 = 0.8631 ns) , and ^ = 0.9599, 
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A tri-exponential decay gives (A l = 70.83 mV, A2 = 105.1 mV, A3 = 25.71 mV: 

r l = 0.2153 ns, T 2 = 0.8630 ns, T 3 = 0.8631 ns), and x^ = 0.9772. It is obvious 

tha t a tr i-exponential decay cannot improve the fitted results and indicates that a 

bi-exponential decay is the best fit. This conclusion is in contradiction to what we 

obtained in table 4.1. More experiments have already been done on this sample 

to verify the reproducibility. From the analyses, we believe tha t the fluorescence 

signals of anthracene and NE104 should be mono-exponential decays. Among all 

of the possibilities for contaminat ing the data , the drift problem [85] needs to be 

emphasized. In fact, the laser and the fluorescence signals can shift significantly 

during the acquisition t ime if the digitizer is not turned on long enough, A test 

has been done by hooking up a pulse generator to the digitizer and then reading 

the average peak position of 64 pulses. The shift always is towards shorter t imes. 

During the first half hour after turning on the digitizer, the pulse peak moves 

more than 30 channels out of a total of 512 channels. The peak keeps changing 

by about 6 channels or 2 channels within a 30- to 60-minute period or a 60- to 90-

minute period, respectively. Therefore, we should try to avoid the drift problem 

by warming up the digitizer before da ta acquisition. However, one should realize 

tha t even a sHght drift can induce a serious error in the fitted results. Other 

factors which influence our da t a analysis could be the a t tenuat ion effects in coaxial 

cables, scat tered light in the microscope system, and radio frequency noise from 

the pulsed laser. Some simulation work to verify the reliabiHty of the fitted 

results will be discussed in the la t ter par t of this chapter. 

(D) Here we will discuss some modifications of the error sum x^- Î  is ob

vious tha t our experimental uncertainties in equation (4,2) are still not entirely 

appropr ia te because we have x^ < 1 for the best fits, while x^ ~ 1 is expected. 



The dominant reason for this is the neglect of a correlated te rm in equation (4.2). 

It is not justifiable to set the correlated te rm zero because the uncertainty in the 

fluorescence pulse is affected by the baseHne uncertainty. Suppose we acquire 

1024 pulses, then the correlated te rm should be expressed as follows: 

a][correlation) = - 2 ^ " (^024 - l ) / 6 4 ' ^'''^^ 

where the P ' s and Q's stand for the baselines and the fluorescence signals, and 

the {Pnji Qnj) and {Pj, Qj) can be expressed in the forms of equation (4.5) and 

(4.6), respectively. The correction to include this correlated term in the error 

function has already been tested for NE104. The lifetime and x^ obtained are 

0.81 ns and 1.146, respectively. The more appropriate x^ value does not affect 

the previous comparison and discussion but will change the optimal lifetimes by 

small amounts . 

Simulation Da ta without Noise 

Deconvolution by the method of iterative reconvolution is probably the best 

me thod [80] in analyzing time-resolved fluorescence spectra. The method of iter

ative reconvolution assumes the fluorescence signals are single or multi-exponential 

decays, and obtains the pre-exponential constants and Hfetimes from a best least 

square fits [84], In our test program, we first create instrument profiles (with rise 

t ime = 0.772 ns, fall t ime = 1.569 ns, and F W H M = 0.772 ns) which are quite 

close to the real instrument profiles when using the EG&G 2100 ni t rogen-pumped 

tunable dye laser. Then we specify pre-exponential constants and lifetimes (which 

are the fluorescence decays due to an infinitely short excitation pulse) to create 

the simulated fluorescence decays (which are the fluorescence decays due to a 
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finite durat ion excitation pulse). The artificially created decays are the convolu

tion of our given values and the ins t rument profiles. To simplify our test work, 

we first ignore any noise. The test is performed in the foUowing two steps: 

1. See if the program can deconvolute decays with two very close lifetimes. 

2, See how reliable the fits are for double exponential decays with one compo

nent occupying only a small percentage in total intensity. 

We now discuss the results in the same order. 

1. When two lifetimes are close to each other, the program needs a very strin

gent cut-off criterion and an extremely large number of i teration to reveal 

the t rue parameters . For example, if the t rue values are assumed to be A l 

= 50 mV, r l = 3 ns, A2 = 49 mV and r 2 = 2.9 ns, the i teration number is 

5400 by start ing with A l = 100 mV, r l = 5 ns, A2 = 80 mV, and r 2 = 8 

ns. The i teration number drops to 15 if the t rue values are changed to A l 

= 50 mV, r l = 3 ns, A2 = 49 mV and r 2 = 2.3 ns. This provides us an 

example how difficult it is to unravel two close lifetimes, 

2, When one component in double exponential decays amounts to only a small 

percentage, the program also needs a very stringent cut-off criterion and a 

very large i terat ion number to reveal the t rue values. For example, if the 

t rue values are assumed to be A l = 50 mV, r l = 2 ns, A2 = 2 mV and r 2 

= 1 ns, the i terat ion number is about 250 by assuming as a start A l = 100 

mV, r l = 5 ns, A2 = 80 mV and r 2 = 8 ns. If the true values are changed 

to be A l = 50 mV, r l = 2 ns, A2 = 10 mV and r 2 = 1 ns, the i terat ion 

number drops to 90, This also provides us an example how difficult it is to 

unravel a small percentage component from a double exponential decay. 
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Simulation Da ta with Noise 

In a real experiment, we acquire instrument profiles first and then fluores

cence signals. In our approach, we simulated the real experiment by acquiring 

512 pulses of instrument profiles first and then another 512 pulses of ins t rument 

profiles for simulating fluorescence signals. The fluorescence signal was simulated 

by convoluting the "noise" ins t rument profile with assumed single or multiple ex

ponential decay(s). The first 512 pulses of instrument profiles are shown in table 

4,2(A). We took 512 pulses in units of 64 pulses (i.e., in total we had 8 da ta sub

sets). Taking the average of these eight subsets gives us the ins t rument profiles 

in the fitting routine. The da ta in table 4,2(B) also are instrument profiles with 

512 pulses. These eight subsets are used to create the fluorescence signals via 

convolution with the assumed exponential decay(s). The average of these eight 

subsets gives the artificial fluorescence signals. 

In order to circumvent ins t rumenta l drift problems, we waited for about two 

hours before acquiring instrument profiles. The peak position, peak intensity 

and the F W H M all were recorded and are Hsted in tables 4.2(A) and 4.2(B). It 

appears tha t the peak intensity and F W H M are quite stable. The peak intensity 

changes within ± 3 % and the F W H M within ± 2 % for the average of every 64 

pulses. 

The accuracy in revealing the known fluorescence parameters is tested for a 

single, double and triple exponential decays. The assumed parameters for these 

three cases are: (Al = 100 mV, r l = 3 ns) , (Al = 90 mV, r l = 1 ns, A2 = 30 

mV, r 2 = 3 ns) and ( A l = 100 mV, r l = 1 ns, A2 ^ 20 mV, r 2 = 5 ns, A3 = 

10 mV, r 3 = 10 ns), respectively. 
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The fitted results are shown in table 4.3, Although they are satisfactory 

when fitted with a mono-exponential decay for the single exponential case, double 

exponential decays indeed are obtained when fitting with such bi-exponential 

decays. The best fitted parameters are A l = 5.715 mV, r l = 1.607 ns, A2 = 

95.84 mV and r 2 = 3.062 ns. The y^ and the maximum of residuals are reduced 

to about one half in comparison with tha t obtained from a mono-exponential fit. 

W h e n fitted with tri-exponential decays, the fitted parameters are A l = 5.751 

mV, r l = 1.610 ns, A2 = 85.12 mV, r 2 = 3.070 ns, A3 = 10.68 mV and r 3 = 

3.007 ns. The x^ and residuals are about the same as those obtained from bi-

exponential fits. Here the argument arises. The above results may suggest tha t 

there is a single exponential decay because one component has a much smaller 

percentage contribution (P(i) = A(i) r ( i ) /XlA(i) r ( i ) ) t han the other one from bi-

exponential fits. If we regard this small percentage component to be caused 

by noise and discard it whenever we have fits similar to this, we will take a 

risk to ignore the possibility for multiple exponential decays comprising a small 

percentage component . As a mat te r of fact, the smaller percentage contribution is 

sometimes larger than 10% and thus makes fits more difficult to judge. Therefore, 

it would be very helpful to have some ideas about the photophysical processes for 

the dye under s tudy before fitting the fluorescence da ta . 

For the double exponential case, a mono-exponential decay cannot be fit

ted well as judged from the fitted curve, from the residuals, and from x^- Bi-

exponential fits give A l = 93.02 mV, r l = 1.001 ns, A2 = 28.66 mV and r 2 = 

3.085 ns. Tri-exponential fits give A l = 93.02 mV, r l = 1.001 ns, A2 = 16.43 

m V , r 2 = 3,078 ns, A3 = 12,22 mV and r 3 = 3,095 ns, which supports the results 

obta ined from bi-exponential fits. 
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For the triple exponential case, one can see tha t the best fitted parameters 

differ much from the known values. This case indicates that triple exponential 

decays may not be reliably resolved with Hfetimes which are separated by a factor 

of two or less. 

We now discuss two special cases. The first one is double exponential decays 

with two close lifetimes (such as A l = 100 mV, r l = 3 ns, A2 = 90 mV and 

r 2 = 3.2 ns) . The best fitted values yield (Al = 11.79 mV, r l = 1.684 ns, A2 

=181.3 mV and r 2 = 3.166 ns). Note that the A l component in the fitted results 

contr ibutes only a small percentage (3.34 %) to the total intensity. This result 

is similar to tha t above obtained for fitting a single exponential decay. Although 

it seems tha t two close lifetimes cannot be resolved, the lifetime for the major 

contr ibution from the fitted results should be close to both true lifetimes. 

The second case is double exponential decays comprising a small percent com

ponent (such as A l = 3 mV, r l = 1 ns, A2 = 100 mV and r 2 = 3 ns) . The best 

fitted values yield (A l = 8,510 mV, r l = 1.398 ns, A2 = 95.92 mV and r 2 = 3.064 

ns) . The minor component is off significantly although the major component is 

not . This also shows the difficulty in obtaining the t rue values for small percent

age contr ibutions from a fiuorophore. As a mat te r of fact, this also would be the 

case for the anisotropy decays of a dye in low-viscosity solvents if the excited s tate 

lifetime and rota t ional reorientation t ime are in the nanosecond and subnanosec-

ond range, respectively. From simulation analysis, we can predict tha t the fitted 

lifetime is more reliable than the fitted rotat ional reorientation t ime because the 

percentage contribution from the component associated with reorientation time 

is insignificant. The mathemat ica l expressions for the anisotropy decays are pre

sented in chapter V. The improvements in the accuracy of the analysis may be 
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achieved by obtaining an auxiliary information from Hfetime measurement with a 

magic angle set-up. Since the lifetime obtained from magic angle measurements 

can be regarded as a t rue value, we only need to fit three unknown variables 

(one rotat ional reorientation time and two coefficients) instead of four. Another 

me thod is to deduce a physical quantity which includes a single exponential decay 

expression ra ther t han double exponential decay expressions. This is the method 

we choose to analyze the anisotropy decay da ta in chapter V. 



83 

Table 4.1 

Fluorescence signals of anthracene and scintillator NE104 
fitted with mono-, bi-, and tri-exponential decays. 

Anthracene 

Scintillator 
NE104 

Single 

Al=93.72 mV 
r l=4 .168 ns 
X^=0,7848 

Al=215.6 mV 
r l=0.7906 ns 
X^-0.6993 

Double 

Al=47.22 mV 
r l=4.168 ns 
A2=46.50 mV 
r2=4.168 ns 
x'=0.7848 

Al=103.3 mV 
rl=0.7907 ns 
A2=112.3 mV 
r2=0.7906 ns 
X^=0.6993 

Triple 

Al=33.22 mV 
r l=4.168 ns 
A2=31.44 mV 
r2=4.168 ns 
A3=29,07 mV 
r3=4,168 ns 
X^=0.7848 

Al=78.58 mV 
rl=0.7906 ns 
72.58 mV 
r2=0.7907 ns 
A3=64.44 mV 
r3=0.7906 ns 
X^=0,6993 

* The cutoff criterion for changes in x^ is 10 - 1 0 
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Table 4,2 

Da ta A for ins t rument profiles and B for creating fluorescence signals 
in the simulation analysis. 

Data subunit 
Peak channel 
Peak int. (mV) 
FWHM (ns) 
Rise time (ns) 
Fall time (ns) 

1 

115 
74,55 
1.405 
0,823 
1,679 

2 
114 
79.17 
1.419 
0,812 
1,664 

3 
115 
77.29 
1.408 
0.797 
1,624 

4 
114 
79.49 
1.423 
0.781 
1,718 

5 
114 
78.72 
1.401 
0.789 
1.682 

6 
114 
74,91 
1.434 
0.823 
1.645 

7 
115 
75.92 
1.438 
0.822 
1.677 

8 
113 
75.10 
1.420 
0.773 
1.773 

B 

Data subunit 
Peak channel 
Peak int. (mV) 
FWHM (ns) 
Rise time (ns) 
Fall time (ns) 

1 
115 
76.08 
1.388 
0.807 
1.722 

2 
115 
76.19 
1.441 
0.829 
1.689 

3 
115 
79.35 
1.416 
0,813 
1.657 

4 
114 
80.03 
1.426 
0.799 
1.676 

5 
115 
77.24 
1.412 
0.796 
1,613 

6 
115 
77.51 
1.404 
0.823 
1.710 

7 
114 
75.94 
1.409 
0.775 
1.579 

8 
113 
79.04 
1.433 
0.794 
1.757 

Table 4.2A lists ins t rument profile which is used in the iterative reconvolution and 
least square fitting routines. Table 4.2B lists another instrument profile obtained 
immediately foUowing the acquisition of the da ta in table 4.2A. The da ta in table 
4,2B are used to create the artificial fluorescence signals by convoluting them with 
the originally assumed fluorescence decay function. Both tables include 512 pulses 
with 64 pulses as a subunit . Rise time is time elapsed from 10% to 90% along 
the rising par t and fall t ime is t ime elapsed from 90% to 10% along the decaying 
par t of the inst rument profile. 
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Table 4,3 

Fitted results for single, double and triple exponential decays 
in the simulation analysis. 

Single 

Al=100.5(100) mV 

r l=3.01(3) ns 

AA1/A1=0.5% 

A r l / r l = 0 , 3 3 % 

Double 

Al=93.02(90) mV 

r l=1 .001( l ) ns 

A2=28.66(30) mV 

r2=3.085(3) ns 

AA1/A1=3,36% 

A r l / r l = 0 , l % 

AA2/A2=4,47% 

Ar2 / r2=2 .83% 

Trip 

Al=103.9(100) mV 

A2=17.18(20) mV 

A3=10.12(10) mV 

AA1/A1=3.9% 

AA2/A2=14.1% 

AA3/A3=1.2% 

ie 

r l = l,027(l) ns 

r2=6,668(5) ns 

r3=7.545(10) ns 

A r l / r l = 2 . 7 % 

Ar2/ r2=33,4% 

Ar3/ r3=24.6% 

It is obvious that the single and double exponential fits are very accurate. How
ever, the triple exponential fits are off quite much from the true values. The 
values in the parentheses are the assumed true values. 
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Figure 4.1. Schematic diagram of the time-resolved fiuores
cence microscopy system. 
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Figure 4.2. A typical curve of experimental uncertainties a^ 
for the scintillator NE104. This curve is obtained 
from equation (4,2) with 512 pulses. 
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Figure 4.3. A typical curve of fluorescence signals for the scin
tillator NE104. This curve is the average of 512 
pulses. 
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Figure 4,4. The single exponential fit for fluorescence signals 
of scintillator NE104 in figure 4.3, The dots in 
the upper plot are the actual fluorescence decay 
and the continuous curve is the best fit. The 
lower plot is the difference between the actual flu
orescence decay and the best fit. This fit vields 
Al = 221 mV and r l = 0.77 ns. 
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Figure 4.5. Anthracene analyzed by the distribution method. 
Curves A, B, and C are discussed in the text. 
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CHAPTER V 

EFFECTS OF SOLVENT VISCOSITY ON 

ROTATIONAL DIFFUSION AND EXCITED 

STATE LIFETIME FOR RHODAMINE B 

IN SOLUTIONS 

Rotational Reorientation Times of Rhodamine B 
in a Series of Alcohols 

Abstract 

Several techniques were used in the past for the time-resolved fluorescence 

anisotropy measurements. They include phase modulation [86], transient absorp

tion [87-89], and single photon counting [71,90], 

Assuming that all the molecules are aligned along some direction at time 

zero, rotational motion will cause the molecules to reorient themselves as time 

progresses. This reorientational motion is called rotational diffusion. We used 

a fast analog technique to investigate rotational diffusion of rhodamine B in a 

series of alcohols. The Debye-Stokes-Einstein model is assumed. Our results can 

be attributed to solvent-attachment effects (due to hydrogen bonding) and to 

long-chain effects (due to stick and sHp boundary conditions). 

Introduction 

Fluorophores preferentially absorb photons whose electric fields are aligned 

parallel to the transition moment of the fiuorophore. The transition moment has 

a defined orientation. Upon excitation with polarized light, one selectively excites 

those fluorophores whose absorption transition dipole is parallel to the electric 

92 
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field of the excitation. This selective excitation of a partiaUy oriented popu

lat ion of fiuorophores (photoselection) results in partially polarized fluorescence 

emission. The emission can be depolarized by a number of factors [19,86]: 

1. The absorption process itself is the flrst source of depolarization, because 

nonparallel dipoles do absorb some of the polarized exciting light. 

2, The angle between the absorption and emission dipoles: The larger the 

angle the greater the depolarization, 

3. Energy transfer: Energy transfer takes place preferentially between par

allel dipoles, but nonparallel dipoles also undergo transfer with resulting 

depolarization. The extent of this depolarization depends on the spectral 

properties of the absorbing and fluorescing species and the concentration. 

Note tha t reabsorption is one kind of energy transfer. The light emit ted 

from one molecule is absorbed by another molecule, which then reemits it at 

a different orientation. The extent of depolarization depends on the spectral 

propert ies of the molecule, the concentration, and the average light path . 

4, Brownian rotat ion of the molecule: According to the equiparti t ion theo

rem, part of the thermal energy is in rotational motion. This rotat ional 

motion of the molecule results in rotat ion of the emit t ing dipole to a new 

orientat ion. Therefore, signiflcant depolarization results. The effect of this 

depolarization is determined by the size and shape of the unit containing 

the dipoles, by t empera tu re , by solvent viscosity, and by the excited s tate 

lifetime. 

The anisotropy r of a light source is defined as the rat io of the polarized 

component to the total intensity. The maximum value of anisotropy r is equal to 

unity for completely polarized light. The absorption process itself reduces r from 
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1 to 0,4 [86]. Generally, the absorption and emission dipoles of a fiuorophore are 

not coHnear. The observed r is decreased further according to 

^ ^,3cos^/3 - 1, , , 
0.4( ^ ), (5.1) r 

where /5 is the angle between the absorption and emission dipoles [86]. For a 

dilute low-viscosity solution, the effects due to energy transfer and reabsorption 

are negligible. Therefore, the only effect left for depolarization is due to rotational 

diffusion, and this is what we are interested in. 

The anisotropy measurements can reveal the average angular displacement of 

the fiuorophore which occurs between absorption and subsequent emission of a 

photon. The angular displacement is also dependent upon the rate and extent 

of rotat ional diffusion during the Hfetime of the excited s tate . These diffusive 

motions in tu rn depend upon the viscosity of the solvent and the size and shape 

of the diffusing species. 

The rotat ional reorientation t ime is defined as the t ime for the anisotropy r 

to drop to r/e as a result of rotat ional diffusion (for spherical molecules under 

isotropic environments [86]). In this work, we studied the viscosity dependence 

of the rotat ional reorientation times of rhodamine B in a series of alcohols. The 

results then were compared to the predictions of Debye-Stokes-Einstein theory 

[91,92], This theory is derived by hydrodynamic model with stick boundary con

ditions, i,e,, the solvent molecules at the surface of the model solute rotates along 

with the solute. This theory considers a sphere of radius R and hydrodynamic 

volume V rota t ing in a fluid cont inuum of macroscopic viscosity 77 and relates the 

rotat ional reorientation t ime if to the viscosity according to the equation 



95 

One sees tha t v? increases Hnearly with the solvent viscosity. However, an anoma

lous viscosity dependence of (̂  was observed in long-chain alkanols, a consequence 

of the entanglement of the long alkyl chains in these solvents. 

Appara tus 

The appara tus is represented schematically in figure 5.1. The pulsed excitation 

source is a EG&G 2100 nitrogen pumped dye laser. The dye used is coumarine 

500 with an emission peak at 508 nm. The emit ted pulses are directed through 

an excitation polarizer (Glan polarizer) and then to the sample via a liquid Hght 

guide. The resulting fluorescence signals, observed in a direction perpendicular 

to the excitation direction, pass through an emission polarizer (sheet polarizer) 

and a Spex double monochromator and are detected with a microchannel plate 

photomultipl ier tube ( M C P P M T ) , The fluorescence signals are acquired at 570 

n m (near the emission peak for rhodamine B in alcohols). 

The individual output current pulses from the MCP are recorded with a Tek

tronix fast waveform digitizer. The measured fluorescence is the convolution of 

the actual fluorescence decay with the instrument response. We use an iterative 

reconvolution and least square fitting methods to analyze the da ta . The da ta 

acquisition and analysis was performed with an IBM P C AT, 

Method 

The measurement of fiuorescence anisotropy is i l lustrated in figure 5.2. The 

sample is excited with vertically polarized light, i.e., the electric field of the exci

ta t ion is oriented parallel to the Z axis. When the emission polarizer is oriented 

parallel to the direction of the polarized excitation the observed intensity is lu. 
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Likewise, when the emission polarizer is perpendicular to the excitation the inten

sity is /_L, In our anisotropy analysis, we need to use the following expressions to 

reveal the excited state lifetime r and rotational reorientation time ^ [71,86,90j. 

/ | | (0 = i / o e - ^ + ^ r , / , e - ' ( ^ " i ) (5.3) 

/ ± ( 0 = i / oe -^ - i r , / . e -*(^ + i ) (5.4) 

S{t) = /||(<) + 2Gh{t) = Ioe--r (5.5) 

D{t) = 7||(0 - GI^{t) = / , e - ' (^+i) (5.6) 

In the above expressions, /||(^) and /JL(^) are the experimental data, and S{t), 

D{t) and r( i) are quantities derived from them as indicated. Vo is the anisotropy 

value obtained from equation (5.1), G is a factor for tail-matching to compensate 

for the difference in transmission efficiency of the monochromator for different 

polarization directions. Provided that </? < r , it can be seen from equations (5.3) 

and (5.4) that at long times after excitation, the curves for /||(^) and I±_{t) should 

become identical. Hence normalizing the two decay curves to the tail of the decay 

eliminates the effect of the diffraction grating of the monochromator. In this 

work, G is determined by taking the average value for matching the tail of /j.(<) 

to the tail of I\\{t) from 3% ~ 5% to 1% of the peak of I\\{t). 

Some typical data for I\\{t) and /^(O? ^^e fit of S{t), and the fit of D{t) 

for rhodamine B in undecanol are shown in figures 5.3, 5.4, and 5.5, respectively. 

From the fits to S{t), we obtain the Hfetime r . With this r and the fits to D{t), we 

can deduce the rotational reorientation time (̂ . The experimental uncertainties 

in /|| and 7^ include three terms: 

<TJ = <T^{haseline) -\- a^{m,easured lu) -j- a^{correlation) (5-8) 



0 /̂̂  = cr {baseline) + a^{measured I_i) + a^{correlation). (5.9) 

These terms have the same meanings as those in equations (4.2) and (4.7). Con

sidering the propagat ion of errors [84], we obtain the following expressions: 

r2_2 
(TJ = a,; + 4^ V,̂ ^ (5.10) 

^1> = ^\+G'al (5.11) 

^r - j-2ir - l)'^\ + | j ( 4 r 2 + 4r + 1)CT,\ . (5.12) 

We also acquired da ta for the "magic angle" (where r = 0) case by rota t ing the 

emission polarizer 54.7° relative to the vertical excitation. The typical fiuores

cence signals and the fits for rhodamine B in ethanol are shown in figures 5.6 and 

5.7, respectively. The Hfetime r = 3.Ins fitted by h4.7o{t) = /oe~T agrees with 

tha t obtained by others [66]. 

For if <^T (e.g., in low-viscosity solvents), the second te rm in equations (5.3) 

and (5,4) makes only a smaU contribution to /| | and I^. We already showed 

in our simulation studies (chapter IV) tha t it is difficult to obtain fluorescence 

parameters for components with small contributions. Since there is a factor of 2 

in the second te rm of equation (5.3) in contrast to the second te rm of equation 

(5.4), it would be more reliable to obtain the bi-exponential decay from equation 

(5,3). Also, it would be difficult to get a good flt from equation (5.6) because the 

subtract ion reduces the signal/noise rat io. 

Wahl [93,94] performed anisotropy simulations by assuming Poisson-distributed 

counting errors for the experimental uncertainties in the fitting routine. He cre

ated r{t) by convoluting assumed inst rument profiles with the ratio -jn^- The 

experimental uncertainties were added to the convoluted r{t), which was then de-

convoluted. Note tha t the D{t) and S{t) were not convoluted functions in WahFs 
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work. In the actual experiments, D{t) and S{t) are convoluted signals because 

I\\{t) and I±{t) are. One should not deconvolute r{t) from direct experimental 

da t a /||(^) and I±{t). Instead, one should deconvolute the intensities / | | ( t) and 

I±{t) with the ins t rument profile first, then combine the fitted results to form 

''^Wi— /||(t)+2/"l(t))' ^^^ finally fit it with exponential function(s). 

Results and Discussion 

Viscosity da ta for the alcohols used are obtained from reference 39 and listed 

in table 5.1. The associated measured excited state lifetimes and rotational re

orientat ion t imes of rhodamine B in various solvents also are listed in table 5.1. 

The plot of the measured rotat ional reorientation times of rhodamine B versus 

the viscosities of the various solvents used is shown in figure 5.8. 

Chung and Eisenthal [87] found tha t for rhodamine 6G a linear plot of (f 

versus solvent viscosity, as predicted by equation (5.2), was observed for the 

solvents up to octanol. They argued that the hydrogen bonding interaction with 

the solvent does not affect molecular volume. They explained the insensitivity of 

If of rhodamine 6G to the formation of hydrogen-bonded complexes with solvent 

molecules by assuming tha t the complex is a non-rigid particle. For this case 

of no strong orientat ional preference, the effect on if of the solute molecule of 

the bound solvent would not be notably different than the non-hydrogen-bonded 

solvent molecules. Our results show tha t <p versus solvent viscosity is not Hnear 

beyond 77 = 4 c P . This seems reasonable, however, because the size and shape 

of the molecule in a given solvent is expected to depend both on the number of 

solvent molecules a t tached and on the molecular volume of the solvent. Suppose 

tha t the rotat ing entity is the solute-solvent hydrogen bonded complex. Then 
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according to equation (5.2), ip should not increase Hnearly with solvent viscosity 

because the volumes of the various complexes differ from one another. This may 

explain the t rend shown in figure 5.8. 

The molecular volume V — 396 A^ of rhodamine B is obtained from reference 

86 and used to calculate the theoretical (̂  according to equation (5.2). The 

calculated values are Hsted in table 5.1 and shown in figure 5.8 (lower straight 

line). One sees from figure 5,8 tha t v?'s of rhodamine B exceed this Hne throughout 

the whole series of alcohols. The largest extension of rhodamine B is considered 

to be a sphere with a radius = 7 A [95]. To see how far the region of at tached 

solvent molecules extends, we calculate ^ according to equation (5.2) for a volume 

V = 1437 A? given by the largest extension of rhodamine B. The calculated values 

also are listed in table 5.1 and shown in figure 5.8 (upper straight line). One sees 

t ha t the experimental (^'s lie on this line for the low-viscosity alcohols (methanol, 

e thanol , propanol and butanol) with small molecular volumes. Wi th increasing 

viscosity and volume, such as for pentanol , hexanol, heptanol and octanol, the 

experimental (/?'s He above this Hne. This is obvious because the a t tachment of 

bigger solvent molecules extends farther out than the at tachment of small solvent 

molecules does. 

The experimental values for y? rise more slowly for the higher alcohols nonanol, 

decanol and undecanol. This deviation indicates tha t rhodamine B is in a local 

environment less viscous than tha t measured macroscopicaUy, Rhodamine B is 

mainly solvated by alkyl segments ra ther than hydroxyl groups because of the 

entanglement of the alkyl chains in long-chain alkanols. Since the viscosity of 

alkane is much lower than its corresponding alkanols, rhodamine B then senses 

a less restricted microenvironment. Consequently, an anomalously low f value 
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is observed. In other words, the deviation results from the fact that the solvent 

molecules have a greater linear dimension than the solute molecule. The difference 

between stick and sHp boundary conditions is related to the relative size of the 

solvent and solute molecules [88]. When the rotat ing solute molecule is larger 

t h a n the surrounding solvent molecules, stick boundary conditions are expected 

to apply. In the opposite case where the solvent molecules are large compared with 

the solute molecules, slip boundary conditions are expected. From our results, 

it seems tha t stick hydrodynamics is valid for the smaUer volume alcohols up to 

octanol , whereas slip hydrodynamics is valid for the larger volume alcohols. 

Viscosity Dependence of the Excited State Lifetime 
of Rhodamine B in Polymer Solutions 

Introduction 

In this par t , we are interested in the effect of solvent viscosity on the excited 

s ta te lifetime of rhodamine B under isopolarity solutions. The effect of solvent 

polarity on torsional mechanisms of rhodamine B in normal alcohols already has 

been presented in chapter III . There , the solvent polarity effect was taken into ac

count to isolate the solvent viscosity effect. We found there was no dependence of 

solvent viscosity on the nonradiative processes of rhodamine B in polar solvents. 

The use of various polymer solutions of different concentration now provides us 

with a direct way to investigate solvent viscosity effect if these different polymer 

concentrat ion solutions are under isopolarity conditions. The observed absorp

t ion peaks for the concentrations used appeared at the same wavelength within 

experimental uncertainties. This indicates tha t the variation in the polarities for 

these solutions are negligible. 
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Experimental Details and Results 

Rhodamine B and methanol were obtained from the same sources as in chapter 

III . Poly(ethylene oxide), with an average molecular weight of 10^, was purchased 

from Aldrich Chemical Company. The dye concentration was ~ 5 X lO'^M for 

rhodamine B in polymer methanol solutions. 

Several different polymer concentrations were prepared and their correspond

ing solvent viscosities were obtained from reference 96. They are Hsted in table 

5.2. The time-resolved measurements were performed with the fast analog tech

nique schematicaUy shown in figure 5.1. Tail-matching was used to find the value 

for G after /|| and I± were obtained for each. Note tha t we matched the tail of 

I_i{t) to the tail of / | | ( i) from 3% ~ 5% to 1% of the peak of ^{t) instead of one 

point , A single exponential decay was then fitted to the sum S{t) in equation 

(5.5), All these fits showed tha t x^ — 1- The excited state lifetimes from the fits 

are listed in table 5.2. 

One sees from table 5.2 tha t the lifetimes are essentiaUy independent of solvent 

viscosity. Since the lifetime is defined to be the reciprocal of the sum of the 

radiat ive ra te and the nonradiative ra te and the radiative rate does not change 

in isopolarity solvents, this independence supports a strong evidence tha t the 

nonradiat ive rate also is independent of solvent viscosity in this system. This 

conclusion is consistent with tha t obtained from chapter III. 
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Table 5.1 

The excited state lifetime and rotational reorientation time 
of rhodamine B in a series of normal alcohols. 

Solvent 

Methanol 
Ethanol 
Propanol 
Butanol 
Pentanol 
Hexanol 
Heptanol 
Octanol 
Nonanol 
Decanol 
Undecanol 

r){cP) 

0.555 
1.075 
1.950 
2.570 
3.722 
4.608 
4.618 
7.351 
10.25 
11.53 
13.82 

r{ns) 

2.54 ±0 .10 
3.10 ±0 .15 
3,28 ±0 .15 
3.33 ±0.19 
3.48 ± 0.08 
3.56 ±0 .11 
3.55 ± 0.20 
3.60 ±0 ,10 
3.73 ±0 .17 
3.64 ±0 .17 
3.71 ± 0.09 

ip''{ns) 

0.183 ±0.061 
0,319 ± 0.083 
0,575 ± 0.074 
0.943 ± 0.253 
1.459 ± 0.205 
1.899 ± 0.422 
2,289 ± 0,327 
2.929 ± 0.481 
3.268 ± 0,524 
3.573 ± 0.497 
3.619 ±0,308 

^\ns) 

0,053 
0.103 
0.187 
0.247 
0.357 
0.442 
0.443 
0.706 
0.984 
1.107 
1.327 

if'^{ns) 

0.194 
0.375 
0.680 
0.897 
1,299 
1.608 
1.611 
2.565 
3.577 
4.023 
4.822 

° Experimental values, 
^ Calculated values from equation (5.2) with V = 238 cm^/mole. 
'^ Calculated values from equation (5.2) with V = 865 cm^/mole. 



Table 5,2 

The excited s tate lifetime of rhodamine B in methanol solution 
mixed with different weight of poly(ethylene oxide) 

at room tempera ture . 
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Polymer concentration 

0,0 

0.8 

1.4 

2.5 

3.75 

5,0 

7.5 

(g/dl) r){cP) 

0.56 

1.18 

1.76 

3.33 

6.41 

11.8 

30.7 

r{ns) 

2.56 ±0 .11 

2.63 ±0.08 

2.63 ±0.10 

2.58 ±0.10 

2.54 ± 0.05 

2.50 ±0,10 

2.58 ±0,12 
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Figure 5.1. Schematic diagram of the time-resolved fluores
cence anisotropy measurement system. 
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Figure 5.2. The measurememt of anisotropy decay performed 
by rotation of emission polarizer. /|| is obtained 
when the emission polarizer is oriented parallel to 
the excitation polarizer and I± is obtained when 
the emission polarizer is oriented perpendicular to 
the excitation polarizer. 
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Figure 5.3. The fluorescence intensities of J|| and Ij_ after tail-
matching for rhodamine B in undecanol. The 
measurements of 7|| and Jj. are described in the 
text. Each of the two curves are the average of 
512 pulses. 
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Figure 5.4. The single exponential fit for S{i) (combination 
of /[I and Jj, in figure 5.2 according to equation 
(5.5)). The dots are the experimental data and 
the continuous curve is the best fit. This fit yields 
Al = 243 mV and r l = 3.71 ns. 
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Figure 5.5. The single exponential fit for D{i) (combination 
of Jji and I± in figure 5.2 according to equation 
(5.6)). The dots are the experimental data and 
the continuous curve is the best fit. This fit yields 
Al = 60.5 mV and r l = 1.54 ns. 
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Figure 5.6. The fluorescence intensity for rhodaniine B in ethanol 
with a "magic angle" set-up (see text) . The curve 
is the average of 1024 pulses. 
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Figure 5 7 The single exponential fit for the "magic angle 
data in figure 5.6. The dots are the expenmental 
data and the continuous curve is the best fit. This 
fit yields Al = 180 mV and r l = 3.15 ns. 
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