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ABSTRACT 

In 1979, Barkatt and AngeU [1] followed the change in the spectra of two different car-

boycanine dyestuffs in supercooled jwlyalcohol sorbitol as the solution was cooled and 

heated with specific cooling-heat mg rates. The results were modeled using the Tool-

Narayanaswamy-Moynihan model (TNM). This study duplicates these experiments with 

methylene bhie dissolved in glycerol. In addition to continuous cooling-heating experi

ments, kinetic and equilibrium experiments were carried out to determine the validity of 

the TNM model in fitting the data. The TNM model is designed to model a liquid near 

the glass transition point. It also pro-ved to be a good model for fitting the change in 

the spectmm of dyestuff in solution with an optical glass transition point well above the 

calorimetric glass transition pomt. In these studies a hysteresis was observed between the 

cooling and heating curves. Of the four parameters determined in the TNM model, /3 

and X are the most important. In these studies /? was determined to be near one, indi

cating the relaxation is exponential, and x was less than one. A value of x< 1 implies 

an asymmetry in the relaxation times for heating and cooling. The observed hysteresis 

formed in the temperature range of 200-220K. Kinetic studies were conducted in this tem

perature range in 2K rapid jmnps. After each jump the solution was allowed to come to 

equilibrium. The changes in monomer and dimer peaks were recorded. A characteristic 

relaxation tkne was determined firom each temperature jump. The relaxation curves were 

exponential confirming the findings of the TNM model. However, when relaxmg to a set 

temperature the characteristic relaxation tune for heatmg was withm experunental error 

not much different than that of the cooling which contradicts the predictions of the TNM 
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model. Equilibrium studies were conducted in the temperature range of 200-260K in lOK 

jumps. The concentration was decreased until no dimer peak was seen at 200K. With 

equilibrium constant data, as a function of temperature, relaxation times obtained from 

temperatiue jmnp studies were combined to obtain a rate constant for the formation of 

the dimer. This rate constant is consistent with diffusion-controlled reactions. 
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CHAPTER 1 

INTRODUCTION 

1.1 Phenomenology of the glass transition region 

Figure 1.1 represents a hypothetical liquid as it is cooled past its freezing point, through 

the supercooled region, and into the glass transition region. When the temperature is high 

enough to assure equilibrium conditions both lines in the figure coincide (i.e., represented 

by the left hand side of the figure). In the figure, the glass transition temperature has been 

labeled T^, or the limiting fictive temperature. For T > T'f, the change ui viscosity, r], 

versus temperature follows an Arrhenius function (i.e., 77 = %xexp [^^]) , and equilibriiun 

is reestablished as quickly as the temperature change. The slope of ^ is determined 

by plotting In 77 versus ĵ as shown in Figure 1.1. For T « T'^, the liquid enters a non-

equilibrium region in which the viscosity is lower than would be expected if the liquid had 

remained in equilibrium. This is consistent with the change in specific -voltune, of the liquid 

as the temperature is lowered. In the case of the specific volume the graph would have 

a negative slope with the non-equilibrium line (i.e., solid line) above the equilibrium line 

(i.e., dashed line). In the case of specific volume at or near the glass transition temperatiure, 

the volume will remain larger than what would occur on the equilibrium line. With the 

volume being larger than equilibrimn value the molecules of our hsrpothetical liquid have 

more freedom to move, hence the lower values of viscosity [3]. The slope in this region has 

been modeled as ~ ^ where x < 1. The location of T^ depends on how fast the liquid 

is cooled. The faster the cooling rate the higher the temperatrue that starts the glass 

transition region, and the slower the cooling rate the lower the transition temperature. 
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Figure 1.1: A conceptual drawing of the change in viscosity as the temperature of a hy
pothetical liquid is cooled past its freezing point into the supercooled region and into the 
glass region. The dotted line represents an equilibrium condition. The solid line represents 
the non-equilibrium condition as the temperature is lowered. 

This makes the glass transition range a kinetic phenomenon. The time the liquid spends 

between T and T + AT is At = ^ where q is cooling rate ^ . The time requked to make 

a structural rearrangement is r. If r •< At, then equilibrium prevails; if r « At, the liquid 

is beginning to enter region where the glass begms to form; and if r » At, structural 

rearrangement becomes highly improbable and the liquid becomes a glass (see Scherer [3]; 

Ediger et al. [4]). 

Upon sudden cooling to a final temperature, Ti, in either the equilibrium, non-equilibriiun, 

or glass regions, the property will try to relax back to equilibrium conditions along the 

path represented by the arrow at Ti. If the final temperature is in the glass transition 

region then, one can observe the transition to an equilibriiun value. This may take a few 

seconds to a number of days. If the liquid has passed into the glass region, obtaining an 



equilibrium value could take years, if at all. 

Figure 1,1 represents coolmg of a liquid. The viscosity, during heatmg, will foUow the 

same viscosity values diuing coolmg m the glass region and m the equilibrium region. In 

the glass transition range, one observes a hysteresis or a deviation from the cooling curve. 

In the case of viscosity, the heating curve will have higher values. In the case of volume, the 

heatmg curve will have lower values. One possible reason for this hysteresis is that as the 

liquid cools the liquid becomes more dense and the closer packing makes the movements 

of molecules more diflBcult. The movement of one molecule requkes the cooperation of 

the surroimding molecules. The closer the packing, the more molecules have to move. To 

reach the same temperature from a colder temperature would requke more rearrangement 

of molecules than cooling from a warmer temperature (see Scherer [3]; Ediger et al, [4]), 

1,2 Barkatt and Angell's work 

The work of Barkatt and Angell (see ref, [5, 1]) deals with three optical probes in 

the polyalcohol sorbitol as it is cooled into a supercooled liquid and later into a glass. 

Using near infrared spectroscopy they followed the equilibrium distribution of intact and 

broken hydrogen bonds. They foimd that the hydrogen bond equilibrium was essentially 

on the same time scale and essentially with the same relaxation times as for enthalpy. One 

optical probe involved following the transformation of octahedral Co(-OH)g''" in sorbitol 

and pjTidinium chloride solutions to tetrahedral CoCl4~. In this case, the time scale was 

on the order of that of the enthalpy. The cobalt species showed a lower glass formation 

temperature than did the enthalpy experiments, «ind had a narrower range of a spectrum 

of relaxation tknes. In both, the hydrogen bonding and the cobalt studies relaxation was 



modeled usmg the Kohlrausch-Williams-Watts, KWW, equation 

[-©1 0(t) = exp - M (1.1) 

For the hydrogen bonding in sorbitol ^ was 0.55 and for the cobalt species, /3 was 1, 

They used carboycanine dye-stuffs to monitor the monomer-duner equilibrimn as a 

fimction of temperature. What they found was that equilibrium was lost and recovered at 

temperatures far above that at which solvent stmctural equilibrium is established on the 

same tkne scale. These results were modeled usmg the Tool-Narayanaswamy-Moynihan 

(TNM) model as described by Moynihan et al. (see ref. [6, 7, 8, 9]). The TNM model 

is a physical model that foUows the change of some physical propriety in supercooled 

liquids while maintaining a connection to pre-vious physical states that have not changed 

instantaneously with temperature, 

Thek studies showed that /3 was around one. The non-linearity parameter, x, was 

higher than normally foimd for the supercooled solution itself, but was less than one. 

This indicated that there was some structural relaxation going on with the solvent-solute 

complex. These studies stopped at this point and they did not pursue temperatiure jump 

or equilibrium studies to help explain these anomalies. 

The purpose of this work is to study the reaction (see Figure 1.3) between the monomer 

and dimer of methylene blue (see Figure 1.2) in supercooled glycerol as a function of 

temperature and time. Studies were conducted to mimic the work of Barkatt and Angell 

(see ref. [5, 1]). In order to better understand the results of the TNM model, kinetic 

and thermodynamic studies were conducted. Comparisons between the relaxation times 
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Figrue 1.3: Proposed reaction of the formation of the methylene blue dimer from two 
monomer molecules, based on the work of Bergmann and O'Konski[10]. 

obtained firom the TNM and kinetic studies will be made to see if the TNM model correctly 

models relaxation of the monomer-duner dye equilibrium in supercooled liquids as it does 

when a suf>ercooled liquids goes through the glass transition. 

1.3 Synopsis of our approach 

The results of a concentration study in which the concentration was dropped imtil there 

was no sign of the dimer peak at 200 K are described in Chapter 3. At each concentration, 

the spectra were taken in 10 K increments between 200K and 260K. Thermodynamic prop

erties obtained from the equilibrium constant data (using methods described by Bergmann 

and O'Konski [10]) are presented in this chapter. 

A classic temperature-jump experiment is described in Chapter 4. 2 K temperatiure-

jumps starting at 220 K were performed. The temperature was lowered as fast as possible. 



The changes in monomer and dimer peaks were measured as a function of time. Once 

the two peaks quit changing a new temperature-jump was performed. This experiment 

was performed imtil there was no change in either the dimer or monomer peak which oc

curred fi-om 200K —> 190K. At this point temperature jumps in which the temperature was 

raised by 2 K were performed until 220 K was reached. Prom these results, a characteristic 

relaxation time, r, as a function of temperature was obtained using the equilibrimn con

stants obtained in Chapter 3. Rate constants for the dimerization reaction were obtained. 

The rate constant for the formation of the dimer is analyzed using a diffusion-controlled 

reaction model. 

Chapter 5 presents the results of a continuous temperature drop experiment in which 

the solution was cooled from ambient conditions down to the glass transition point of 

glycerol and then the solution was heated back up to the ambient temperature. The rate 

of change in temperature was 2 K/mm, The results of the data will show the hysteresis for 

methylene blue in glycerol, A number of parameters have been calculated using the TNM 

model (see Moynihan [6, 7, 9]). 

This study foUows the change in a monomer-duner reaction of a dye in glycerol down 

through the thermodynamic glass transition pomt of glycerol. It will show that no mat

ter what the concentration of the dye was the reaction quenched at about 20K above the 

thermodynamic glass transition pomt of glycerol. This study will also explore the ther

modynamics of this region. Kinetic relaxation tunes will be coUected and compared with 

those obtained with the TNM model. 



CHAPTER 2 

METHODS AND MATERL\LS 

2.1 Chemicals 

Methylene blue^(see Figmre 1.2) was obtained from Aldrich and used as received. The 

dye was dissolved in methanol.^ An aliquot of the dye-methanol solution representkig the 

number of moles needed was removed from the stock solution. The solvent in this sample 

was removed under a stream of dry nitrogen. A weighed amount of glycerol was added to 

dissolve the methylene blue crystals. These solutions were capped and placed in a freezer 

imtil they were needed for the experiment. 

The different concentrations used in Chapter 5 were prepared as described above. 

In the equilibrium study of Chapter 3, a stock concentration of 999.7/iM was prepared 

as described above. The lower concentrations used in this study were made by diluting an 

aliquot of a higher concentrated solution with glycerol. All concentrations were made on 

a weight to weight basis and converted to weight to volume basis by using the density of 

glycerol at ambient temperature. 

2.2 Equipment 

The cryostat used was an Optistat Bath Dynamics Variable Temperature Cryostat 

made by Oxford Instmments in Wkney England in 1997. The cryostat was controlled 

with Oxford's rrC503 temperature controller. The temperature controller could either 

be run from a computer using Oxford's ObjectBench software (release 2.8.7) or from the 

^C.A.S. Number 61-73-4 
2C.A,S. Number 67-56-1 



controller itself. The experiments in this project were controlled from the controller. 

The UV-Visible spectrophotometer was a UV-2101PC scannkig spectrophotometer 

made by Shunadzu. The spectrophotometer was controlled by one of two software packages 

provided by Shimadzu. UVPC Personal Spectroscopy Software (Version 3.9) was used 

to scan the dye spectmm from 400-800nm, and was used in the data collection of the 

contmuous up-down scans (Chapter 5) and the equilibrium data (Chapter 3), respectively. 

The other software rimning the spectrophotometer was Shimadzu's UVPC 

Photometric/Multi-Wavelength Quantitative Software (version 2.7). This was used in the 

kmetics study (see Chapter 4) to follow the change in the monomer and dimer peaks. A 

baseline was foUowed at SOOnm, the monomer peak was followed around 700 nm, and the 

dimer peak was followed aroimd 630nm. Prior to the temperature jump, the maximmn 

peak height was determined for both the monomer and dimer. It was assumed that the 

positions of maxima would not change appreciably during the 2K temperature jiunp. 

A Shimadzu DSC 50 was used for determining the calorimetric Tp in both glycerol and 

a dye- glycerol mixture as described in section 2.5. Data was collected on the computer 

provided with the calorimeter. The data were transfered over to another computer to be 

analyzed by MatLab and Mathematica [11]. 

2.3 Data Collection 

FVom the samples prepared as described above (see section 2.1), a sample of the dŝ e-

glycerol mixture was place in a 0.02 cm cell. The cell was placed in the cryostat. The 

cryostat was cooled from 280K to 170K either in continuous cooling or temperature step 

cooling mode. Once at 170K, heatmg of the sample to 280K was the same as the cooling 
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step mentioned above. The reaction seen in Figure 1.3 was followed on the UV-Visible 

Spectrophotometer as described above (see Section 2.2). 

2.4 Data Reduction 

Data reduction in this study was accomplished by using the following software packages: 

Mathematica [11], R [12], MatLab, Excel, IGOR and ProFit. The majority of the work was 

done with MatLab and Excel. Data reduction requked the use of nonlinear least squares 

techniques for both the equilibrium and kinetic studies and the use of a simplex method 

for the analysis of the data in the up-down scans. Mathematica, R [12], IGOR and ProFit 

were used from time to time to check calculations from the other packages. IGOR and 

ProFit were used extensively for the graphics presented in this dociunent. 

2.5 Determining Calorimetric Tg in glycerol and glycerol-dye mbctme 

The differential scanning calorimetry was done on a Shimadzu DSC 50, in which the 

sample was rapidly cooled in a liquid nitrogen bath. Once the lowest temperature was 

obtained, the sample was heated at several different rates. Two samples were used for 

these studies. The first was glycerol as it was used in the cryostat. The second sample was 

the dye-glycerol mbrture. 

Figme 2.1 shows representative DSC measurements performed on dye-glycerol and 

glycerol, shown left to right respectively. The origmal data at the various heatkxg rates 

may be seen ui Figmres B.l and B.2 representkig the differential scannkig calorimetry (DSC) 

done on the dye-glycerol and the glycerol mixture as used ux the experknents described 

above. Two methods were used to determme the glass transition temperature {Tg). The 

first is to find the mkiimum peak value, and the second is to find the limkmg fictive 

9 
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Figure 2.1: Example of DSC measurements of methylene blue in glycerol (left) and glycerol 
(right). Each figure represents a heating rate of 12.5 C/min. 

Table 2,1: Glass transition temperatmres determined from the DSC measurements shown 
in Figures B,l and B,2 as determined by findmg the minimmn on the figures and using the 
procedure outlined by Moynihan, et al. [6]. 

Compound Heating Rate Glass Transition Limiting Fictive Temp. 
°C/min K K 

Dye-a 
Dye-b 
Dye-c 
Glycerol-a 
Glycerol-b 
Glycerol-c 
Glycerol-d 

5.0 
12.5 
25.0 
5.0 
12.5 
25.0 
12,5 

182,87 
185.24 
188.49 
191.86 
191.90 
195.29 
192,45 

174,98 
177,71 
167,02 
176,12 
182,67 
186,92 
184.65 

temperature {T'f) as described by Moynihan et al. [6] and shown m the foUowmg equation 

(2,1), 

r\Cj^-C^)dTf= f\Cj,-Cpg)dT 
JTO JTO 

(2,1) 

The resuks reported in Table 2.1 compares with a reported value of 190K for glycerol 

in Simon and McKenna [13]. There is a sUght difference in the glass transition temperature 

for the glycerol containing dye and glycerol by itself. There is not an knmediate reason for 

this difference since the dye solution was a very dilute solution. 

10 



CHAPTER 3 

SPECTROSCOPIC STUDIES ON METHYLENE BLUE DIMER 

EQUILIBRIUM IN SUPERCOOLED GLYCEROL 

3.1 Introduction 

Prom the equilibrium constant, the free energy of dimerization, heat of dimerization 

and the entropy of dimerization were obtained. Calculation will be done to show the nature 

of the dimer *=^ monomer reaction in supercooled glycerol. In this chapter, the equilibrium 

constant for dimer dissociation was obtained from the spectrographic data. The dimer 

cur-ve was separated from the monomer curve. The assumption being made here and in 

the literature reviewed is that the highest aggregate of monomer molecules is the dimer. 

Rabinowitch and Epstein [14] describe the effects of concentration on the monomer-

dimer spectra in aqueous solutions. In thek approach, the dimer dissociation constant, K ,̂ 

between monomer and dimer species, and is given by 

The observed extinction coefficient e is determined as foUows 

where €M and eo are the molar extinction coefficients for the monomer and dimer respec

tively, 'x' is the fraction of the dye m the monomeric form, K^ and x are related by the 

equation 

11 



where C is the total concentration of the dye, C = [M] + 2 [D], €M and eo can be obtained 

by extrapolatkig the experimental values of e to C = 0 and oo, respectively. Calculation 

of X is obtained from equation 3,2 and K from equation 3.3. 

In thek study, concentrations of methylene blue ranged from 135.99 x 10~^ to 999.7 x 

10~® ^ ^ . The lowest concentration did not show a dimer peak with visible spectroscopy 

and X in Equation 3.2 was then set equal to 1. Once Kj had been detennined other values 

such as the free energy, AG , the heat of dimer dissociation, AH, and the entropy of 

dimer dissociation, AS were determined. The foUowing equations were used to obtain the 

respective values. 

AG = -RTlnKd 

AH = - R f l ^ (3-4) 

AS = ^ ^ 

Another method in determining the relationship of the dimer ^ monomer as a function 

of concentration was described by Rohatgi and Singhal [15]. In this paper the extinction 

coefficient was determined as described in Rabinowitch and Epstein [14] and shown in 

equation 3.2. However, they did not know the pathlength of thek optical cells so they took 

the ratio of the optical density (D) at the dimer frequency {va) to that at the monomer 

frequency (i/^), 

OBatUd ^ e^ax+-4a{l-x) ,^ ^^ 
ODatUm €^x+-€^{l-x) 
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Table 3,1: Average calculated K^ values according to methods described by Rohatei and 
Singhal [15], 

Temperatiure 
200 
210 
220 
230 
240 
250 
260 

(K) Average 
0,00224 
0,00227 
0,00271 
0,00378 
0,00634 
0,00820 
0.01240 

Std. Deviation 
0.00073 
0.00068 
0,00055 
0.00075 
0.00145 
0.00157 
0.00239 

Equation 3.5 can be simpUfied by dividing throughout with ( e ^ x x) and collectkig terms, 

Do + AZ 

where A = ^ , B = | ^ , and Z = ^ . At low concentrations, where x is nearly unity, 

this expression can be rearranged to the fined form 

1 A - B D Q 

z--D^r^-^ ^^'^^ 

which predicts a linear relationship between | and (D — Do). Equation 3.7 was therefore 

nm several tknes to get a better value for x. The average values of Kj can be seen in 

Table 3.1. In our study, because the linear relationship correlation coefficient was greater 

than 0.99999, the first value of x was excepted for each concentration. The raw data for 

the calculation of the average values may be seen in the appendix (see Tables C l , C.2, 

C.3, C.4, C,5, C.6, and C.7). 

In the work of Ghosh and Mukerjee [16, 17, 18, 19], the equUibrium constants for 

methylene blue were obtained using a method known as 'isoextraction' which is more 

13 



sensitive in the concentration range of lO-^-lO"^ ^ . Because ofthe higher concentration 

range at which this study was conducted this method was not used. 

Sheppard and Geddes [20, 21], Lueck et al. [22], Michaelis and Granick [23], Danziger 

et al. [24], Lewis et al, [25], Rohatgi and Mukhopadhyay [26], and West and Pierce [27] 

have all studied the methylene blue dimer ^ monomer reaction either as a function of 

solvent or as a function of concentration. Some have used or introduced equations 3,1, 3,2, 

3,3, and 3.5 in thek work. The works of Rohatgi and Singhal [15] and Rabmowitch and 

Epstein [14] were based on the works mentioned above. 

3.2 Methods and Materials 

The 999.7)uM methylene blue glycerol sample was made from the alcoholic stock solution 

mentioned in Chapter 2. After mixing the solution an aUquot was placed in the 0.02cm 

cell. The cell containing the solution -was placed in the cryostat and the temperature 

was lowered to 200K at a rate of 2 ^ . The sample was aUowed to equilibrate at 200K 

for a tkne equal to twice the time it took to come equilibrium in the temperature-jump 

studies. Once equilibrium was achieved a spectmm was obtained. The temperature was 

raised lOK and equilibrium was aUowed to reestablish usmg the method just described. 

After the spectmm was obtained, the temperatiure was raised lOK, and the process was 

repeated imtil a temperatiure of 260K is obtained. The 999.7/iM solution was diluted to 

899.9/iM, and the sample was cooled to 200 at a rate of 2 ^ . The process was repeated 

for the foUowmg concentrations: 840.9, 651.8, 536.0, 451.1, 274.2, and 135,0/iM, The last 

concentration was chosen because it failed to gi-ve a definable dimer peak at 200K, 
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Table 3,2: Location of dimer and monomer peaks at equilibrium at thek respective tem
peratures. 

Temperature 

200K 
210K 
220K 
230K 
240K 
250K 
260K 

Average 
Std. Dev, 

Dimer 
Wa-velength 

631 
631 
632 
631 
630 
628 
629 

630.29 
1.38 

(630nm) 
Epsilon (10^) 

37.168 
37.155 
38.190 
39.438 
40.112 
40.254 
40.917 

39.03 
1.53 

Monomei 
Wavelength 

700 
701 
700 
701 
699 
699 
699 

699.86 
0.90 

r (700nm) 
Epsilon (10^) 

11.233 
9.7096 
11.579 
10,522 
13,685 
13,863 
14,485 

12,15 
1,85 

Table 3,3: Fktkig parameters for In Kj versus Temp~^ used in the determination of the 
effect of temperature on AG, AH, and AS, 

Parameters Linear Fit Polynomial Fit 
Value Std, Dev, Value Std, Dev, 

intercept 3.97323 0.48102 26,8041 4.65815 
Imearterm -2181.36 114.842 -13136.5 2119.9 
quadratic tenn 1.3010x10^ 2.3969x10' 

3.3 Results and Discussion 

The equilibrium extinction coefficients and wavelengths for both the dkner and monomer 

peaks at thek respective temperatures are shown in Table 3.2. There is very little variation 

in the wavelength as the temperature is changed. The mcrease in the concentration of the 

dimer at lower temperatures is consistent wkh the results foimd in Chapter 5 ki which the 

temperature is either being lowered or raised at a constant rate. 

Figure 3.1 is a plot of the logarkhm of the equilibrium dissociation constant versus 

the inverse of the temperature. The solid Ime represents the Imear relationship between 

the temperatures of 260K and 220K. The Ime has been extrapolated down past 210K 

for demonstration purposes only. The dashed Ime represents a second order polynomial 
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Temp (K" 10-̂ ) 

Figure 3.1: Plot of the natmral logarithm of K, the dkner dissociation constant, versus the 
inverse of the temperatiure. The solid Ime represents the Ikiear relationship. The dotted 
line represents a second order polynomial relationship. 

through the entke temperature range, 260 -* 200K. The fitted parameters for these curves 

are shown in Table 3.3, substituted into Equation 3.4, and represented in Equations 3.8, 

3.9, and 3.10. 

AG = -RT 26.8041 T - 13136.5311 + lnK = -Rr 

AH = -R ^ - ^ = -R I-13136.53106 

= R(; 

1.30964 X IQfi 

+ 
2.61928 X 10« 

) 

) 

AS = 
A H - A G 

26.80412 -
1309640 \ 

T2 J 

(3.8) 

(3.9) 

(3.10) 

Graphical representations of AG, AH, and AS as a function of temperature are shown 

in Figiu-e 3.2. Prom this data, AH and AS increase as the temperature rises. Howe-ver, 

as the temperature rises, AG begins to rise and then decreases at higher temperatures. 

This indicates that the change in entropy becomes a dominating factor as the temperature 

increases. It should be noted that near the upper end of the hysteresis in the continuous 
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scan experiments that AS changes sign. There is no explanation for this phenomenon, and 

requkes more study. 

The results of separation of the monomer and dimer curves are represented in Fig

ures 3,3 and 3,4 at thek respective temperatures. Figure 3,3 gives a sense of the noise that 

was in the system when the monomer and dimer spectra were separated out of the com

posite spectmm. Each average dimer and average monomer spectmm at thek respective 

temperatures are then shown in Figure 3.4. Prom the -values depicted in Figure 3.4 the 

monomer and dimer peaks were recombined and compared to the raw data which are shown 

in Figure 3.5 for the 200K temperature at the concentrations for which this experiment 

was run at the respective temperatmres. As can be seen from Figure 3.5, the recombined 

monomer and dimer spectra were able to reproduce the raw data very well. For the results 

in the temperature range of 210-260K, see the figures ki the appendix (B.3, B.4, B.5, B.6, 

B.7, and B.8). 
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Figure 3.2: Thermodynamic properties as a function of temperature. The top graph is AG 
as calculated wkh equation 3.8. The next graph is AH as calculated with equation 3.9. 
The next graph is TAS as calculated with equation 3.10. The bottom graph is a composite 
of the thermodynamic quantkies wkh AG and AS represented by the left axis, and AS 
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CHAPTER 4 

TEMPERATURE-JUMP STUDIES OF METHYLENE BLUE 

DIMERIZATION IN SUPERCOOLED GLYCEROL 

4.1 Introduction 

As a supercooled liquid approaches the glass transition temperatiure the relaxation of 

the physical properties of the liquid are no longer instantaneous with the temperatiue 

change. In this experimental setting one can then follow the change in a reaction as a 

fimction of time. Not all relaxation is exponential in this region. The KWW function, 

Equation 1.1, is often used to model the relaxation. /3 is confined between zero and one. If 

/9 is one, a single exponential is recovered. The smaller the value of /3, the less exponential 

the response function. Two possible explanations have been given for the loss of the 

exponential response in a supercooled liquid. One is a heterogeneous set of environments 

exists in a supercooled liquid; relaxation in a gi-ven envkonment is nearly exponential, 

but the relaxation time varies significantly among environments. Alternatively, one can 

imagine that supercooled liquids are homogeneous and that each molecule relaxes nearly 

identically in an intrinsically nonexponential manner (see Ediger et al. [4]). In this study 

the kmetic infonnation follows an exponential model ki which case l3 is one. (This wUl be 

explored in more detail in Chapter 5.) 

This chapter will deal with a study of the kinetics as the supercooled 880MM methylene 

blue solution was heated from 200K to 220K in 2K mcrements. The data analysis will 

be based on foUowmg the change m the monomer peak. Data was taken for cooling and 

heatmg the solution ki this temperatiu-e range for the monomer and dkner. However, in 
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the case of the dimer data and the cooling monomer data, the error ki resuks prevented 

us from deriving any meankigful conclusions. The data left out in this chapter is included 

in the appendix. 

The derivations in this chapter will take the equilibrimn constant data calculated in 

Chapter 3 and calculate kmetic data. The activation energy when two monomers come 

together to form a dimer was established in order to determme if the reaction in this 

temperatiure range is diffusion controlled. 

The 200K -+ 220K temperature range represents the hysteresis range found in the 

contmuous scannkig experknents, which, will be discussed in Chapter 5. 

4,2 Calculations 

Temperature jump data reduction was performed uskig the following equation: 

Response = A exp I —̂  — | -f- int, (4,1) 

This nonlinear equation was evaluated by using the algorithm by Levenberg-MarquardtpS], 

The parameters A, r, and int where chosen to minimize the error between the estimated 

data and observed response. Two sets of parameters were collected, the first set was 

analyzed by setting to to zero, which corresponds to the beginning of the temperature-

jump. The second set of parameters were determined by setting to to the time the cryostat 

achieved thermal equilibrium, which for the most part was about 300 seconds. The r 

values with thek standard deviations are shown in Table 4,1 and the actual fit for both 

derived curves are seen in Figure 4,4, The actual time it took to reach equilibrium can 

be seen in the last column of T^ble 4.1. In the cooUng jumps the actual time to reach 

23 



Table 4.1; Heating monomer relaxation times for the 2K T-Jumps from time zero and 
once the system reached a constant temperature. 

Temperature Jump 

200 -^ 202K 
202 -^ 204K 
204 -* 206K 
206 -^ 208K 
208 -^ 210K 
210 -* 212K 
212 -^ 214K 
214 -^ 216K 
216 - • 218K 
218 -H. 220K 

Time Zero 
Tau (sec) 
4013.3160 
2014.5096 
803,0096 
628,4349 
510.3077 
288.5410 
213.6628 
248.0178 
233.8620 
173.3810 

Std, Dev, 
78,7069 
54.2203 
22.3415 
19.3847 
14.8905 
15,6057 
13.2167 
10.3005 
11.4938 
10.0733 

( 
Tau (sec) 
3824.2667 
2126,0735 
682,1602 
489,8331 
425,0434 
151,5233 
56,6887 
299,3106 
216.9916 
50.2681 

Oonst. Temp. 
Std. Dev. 
83.6044 
70.0251 
20.1105 
25.1969 
18.2882 
14,3667 
13,3736 
46,2846 
41,3298 
20.0933 

tkne (sec) 
660 
330 
300 
420 
300 
300 
300 
300 
300 
300 

the target temperature was about 2 minutes, and in the heating jumps the actual time 

was about 1 minute. Once the temperature was reached there was oscillations around the 

target temperature which took about 300 seconds to die out. 

Using the -values of r tabulated in Table 4.1, for the up-jump experiment the reverse 

rate constant (kr) was determined from the following equation (see Laidler [29] Table 2.4) 

for each temperature jump. 

^ = Ke,+4[M]e, ^"^'^^ 

The dCTivation of Equation 4.2 is based on the dissociation of the dkner into two monomers: 

D t ; 2M where the concentrations M and D at any time are given by x and Do - f, with 

the rate of change of x given by 

dx 
dt 

At equilibrium, 

24 
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0 = k / ( D o - | ) - k , x ^ (4.4) 

Subtracting Equation 4,4 from Equation 4.3 the followkig is obtained 

dx 1 
— = _ - ( i - Xe) (k/ + 2 kr (x + Xe)) (4.5) 

Let Ax be defined as x — Xe, and 

dAx dx 1 . ,, ^, , .. _ ^, 

If the displacement from equilibrium is only slight, x « Xe, so that x +Xe may be written 

as 2 Xe, Equation 4.6 becomes 

' ^^^ = - j A x ( k / + 4krXe). (4.7) 
dt 2 

Integration gi-ves 

l „ ( ^ = = _ i ( k / + 4krx,)t (4.8) 
Z\x Z 

with the relaxation time, r is defined as 

T = (4.9) 
k/ + 4 kr Xe 

As established earlier Xe is Me,, the equilibrium monomer concentration. Making use of 

the fact that ^ is the equilibrium constant Ke,, k/ = Ke,kr can be substituted into 
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Equation 4.9, to give the followkig 

2 
^ Ke ,kr + 4kr[M]e," ^^'^^^ 

Solving for kr, 

, _ 2 r - i 

^' - K , + 4[MU- (^-11^ 

It can be seen that Equation 4.11 is the same as Equation 4.2. The above derivation follows 

a sknilar derivation for A i=; 2Z in Laidler [29] 

The Ke, values used in the results that follow were calculated in the chapter on spec

troscopic studies on methylene blue monomer-dimer equilibrium in supercooled glycerol 

(see Chapter 3). Prom this chapter Ke, values were calculated in a 200-260K temperature 

range in lOK intervals. In order to cakulate the Kg, -values from 200-212K, an interpo

lation algorithm in Mathematica[ll] was employed. The estimates are based on a cubic 

interpolation. 

In order to determine whether kr is the diffusion (x>ntroIled rate constant, or determine 

the acti-vation energy for forming the dimer from two monomers, an estimate ofthe -viscosity 

activation energy is needed. There are no viscosity data available for the temperature range 

used in this study is conducted. Miner and Dalton[2] have viscosity data for glycerol down 

to 231K, They introduce logic?? = a + b/T + c/T^ as an equation to fit the data, and they 

make extrapolations down to 184K, This appears to be the data used by Ediger, Angell, 

and Nagal [4] for thek Figure 2, Uskig the data given, the objective was to see if the 

coefficients of the equation could be reproduced. A least squares (described above) was 
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Table 4.2: Comparison of regression coefficients in Miner and Dakon [2] and those calcu
lated using thek data. 

Coefficient Miner and Dalton Estknate Std. Err. 

a 
b 
c 

1.9867 1,2536 ±2,0985 
-2700 -3227,24 ±1044.95 

0.9010« 0.94810« ± 0.13010« 

I 

I ' ' ' I ' ' ' I ' ' ' I ' ' ' I ' ' ' I • ' ' 1 ' ' ' I ' ' ' I 
3 .4 3 .6 3 . 8 4 . 0 4 . 2 4 .4 4 .6 4 .8 5.0 

InvTemp (1000/K) 

Figure 4,1: Viscosity data: the data points are from Miner and Dalton [2] and the solid 
line is a regression extrapolation of those data points, 

used to fit the above equation. The results are in Table 4,2, and it is seen that the fit was 

well within experimental error. Using the equation, -viscosity data were extrapolated down 

to 200K, and this can be seen in Figure 4.1. The data points in the figure represent the 

data in the text, and the solid line represents extrapolated data. 

4.3 Results 

The r values were calculated in the temperature range of 200-220K as indicated in 

Table 4.1, An Arrhenius analysis was conducted on these values, and it can be seen in 

Figure 4.2 that the Arrhenius fit is good between 200-212K. 

The two right columns in Table 4.3 shows the calculations of kr and k/ as described by 

Equation 4,2 and k/ = Ke, kr, respectively. Table 4.4 shows the values for the viscosity and 

kr, and the calculated values for kdc- The values of kjc were calculated from the equation, 
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Figure 4.2: A pictorial Arrhenius representation of Table 4.1 showing up-jump 2K up-
jump relaxation tknes. The left graph represents relaxation calculations from tkne zero. 
The right graph represents relaxation calculations when the cell had reached a constant 
temperature. The y-axis uses a logarithmic scale. 

Table 4,3: kr -values after the system reached equilibrium in 2K up-jump data. 

Temperature 
Jump 

200 -^ 202K 
202 -* 204K 
204 ^ 206K 
206 -* 208K 
208 -^ 210K 
210 -» 212K 

Ke, 
10-3 Molar 

2.254 
2.278 
2.289 
2.292 
2.294 
2.302 

T 

sec 
3824.27 
2126.07 
682.16 
489.83 
208.33 
151.53 

Ne, 
10-'* Molar 

1.64 
1.89 
2.13 
2.38 
2.62 
2.86 

kr 
Liter/(Mole sec) 

0.1797 
0.3101 
0.9334 
1.0737 
2.8725 
3.8302 

k/ 
10-3 ggc-i 

0.4051 
0.7063 
2.1366 
3.1373 
6.5896 
8.8171 

kdc = 8000 R T/(3T/) . The deri-vation of this equation will be discussed below. 

The study of the energy of acti-vation shoidd provide evidence if the dimerization re

action is just limited by the energy requked to mo-ve through viscous glycerol, or if there 

is considerable reaction time once the two monomer units are in close proxknity to form 

a dimer. The energy of activation studied in this work will be based on the ideas of 

Arrhenius, as indicated m the followkig two equations. 

k» = >4 exp V R T J 
(4.12) 
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Table 4.4: Calculation of kdc-

Temperature 
(K) 
202 
204 
206 
208 
210 
212 

Viscosity 
Poise (10 )̂ 

188 
95.4 
49.6 
26.3 
14.3 
7.91 

kdc 
theo. calc 

0.238 
0.474 
0.922 
1.753 
3.262 
5.947 

kr 
(see Table 4.3) 

0.180 
0.310 
0.933 
1.259 
2.873 
3.830 

In k. = In(^) - A . (4.13) 

The value for k, in Equations 4.12 and 4.13 are replaced by -viscosity, kdc or kr. The results 

are seen Table 4.5. As seen in this table based on the standard deviations there is no 

statistical distinction between the activation energy. There is also no significant difference 

between the logarithm of pre-exponential factors for kdc aud kr. Since nothing can be 

determined from this data, a dkect comparison between kr and kdc will be made in order 

to imderstand the mechanism. 

Levine [30] showed that the overall reaction rate, k, is a mixture of kdc and kchem in the 

following relationship 

j ^ ^ k d c W ^ or J = 7^ + r - ^ (4.14) 

For kcftem —* OO, the reaction is diffusion- controlled, and k = kdc- In the limit of 

kdc -» 00, k = kcfcem, and the reaction is chemically controlled. When kdc » kchem, or 

on the same order the kmetics is mbced. Based on this information then with kr being 

slightly less than kdc (see Table 4.4) the kkietics are mbced. This means that once the 
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Table 4.5: Calculated Arrhenius values. 
Value Activation Energy Std. Dev. Pre-exponential Std. Dev 

KUojoule KilojouJe , , 
Mnk_ Mole ^"glO 'Ogio 

Viscosky 112.797 0619 10900 Ol56 
^<ic 114.518 0613 28.996 0.155 

i r 113.445 8J23 28.610 2.202 

monomers come within a distance that they can interact, there is some arrangement that 

occurs before the dimerization. If the dimer dissociates and the monomers start to separate 

while inside the cage region, the monomers can reform mto dimers agam. The interaction 

between the monomer molecules m the cage area is called an activated complex. However, 

in this study the spectroscopy did not resol-ve an activated complex. 

The assumptions in the derivation of kdc are based on the molecules bemg spherical, 

the solute molecular size being significantly larger than the solvent molecular size, and the 

solute being under full diffusion control. Accordmg to Pick's first law of diffusion, if dn 

molecules of a solute diffuse through an area A in time dt, the rate dn/dt, known as the 

diffusive flux, is given the symbol J, 

dn ^ ^dc , , 

where D is the diffusion coefficient and dc/dx is the concentration gradient; the negative 

sign appears because the diffusion is in the direction of decreasing concentration. 

In our glycerol solution we have two monomer molecules each having radius XM- Fkst 

establish that one monomer molecule remains stationary while the other monomer moves 

toward the stationary one. Therefore the rate of diffusion is for one molecule mo-ving toward 

the stationary molecule. A sphere of radius r can be constructed around the stationary 

30 



monomer; its surface area is ini^. The rate of diffusion of monomer molecule M through 

this surface is 

where CM is the local concentration of monomer molecules movkig toward the stationary 

one. Here the concentration gradient dcM/dr is taken with reference to increaskig radius, 

so that the negative sign is dropped. The concentration gradient is 

dcM JM 

dr 4 TT DM r̂  
(4.17) 

and integration gi-ves 

""M = -T^rr- +1- (4-18) 
4 IT DM r ^ 

The constant of integration I is obtained by considering the boundary conditions. When 

r= 00, cjvf is equal to the bulk monomer concentration M, which we write as [M]. Thus, I 

= [M] and therefore 

This result relates to a single monomer molecule that is stationary and a monomer 

molecule that is movkig. In reality, there is diffusion of both molecules, and it can be 

shown that this is taken care of by replacing DM in Equation 4.19 by 2DM: 
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When there is full microscopic diffusion control, a monomer molecule immediately reacts 

when it reaches a certain crkical distance ^MM from the other monomer molecule. Thus, 

when r= dwAf, CM = 0, and from Equation 4.20, 

0 = -T-^^h— + N- (4.21) 

From Equation 4.21, it follows that 

JM = 8nDM dMM [M]. (4.22) 

This is the diffusive flux of the monomer molecules toward to each other, and since there 

is reaction at every encounter this is the rate of reaction of one monomer molecule with 

another monomer molecule. The rate of reaction with all the monomer molecules is thus 

i/ = 87rDMdMM[M]' (4.23) 

and the rate constant for the fully diffusion-controlled reaction is 

kdc = 87rDw(fMM. (4,24) 

Equation 4,24 is the basic equation for full microscopic diffusional control, but some 

approximate relationships based on Stokes's law are also useful, Accordkig to this law, 

which applies approximately to solute molecules that are much larger than the solvent 
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moleailes, and less satisfactorily under other circumstances, a diffusion coefficient D is 

related to the radius r of the molecule by 

^"=6^ (4-25) 

where T? is the viscosity of the solvent. The sum of the diffusion coefficients is therefore 

given approximately by 

DM+-DM = ^ ( ^ + 1 - ) . (4,26) 

With dMM taken as equal 2rM, introduction of equation 4,26 into Equation 4,24 leads to 

^^ = - ^ (4.27) 

in order to correct for the proper units, Equation 4,27 is multiplied by 1000 and placed on 

a per mole basis. The following is the result: 

8000RT 
kdc = —5 . 4.28 

3»7 ^ 

Thus, this ends the derivation of the formula used in the calculation of kdc units in 

Table 4.4. Full diffusion control is found only if the rate of the chemical interaction is 

very much greater than the rate of diffusion. If this is not the case the concentration of a 

monomer molecule at a distance dMM is not equal to zero, because the chemical process 

is no longer able to remove a monomer molecule completely as they reach the critical 

distance dMM- The -variation of CM with r is now where cj^ represents the concentration 
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of a monomer molecule at distance d ^ M from a given monomer molecule. If kĉ em is the 

rate constant for the chemical interaction between the two monomer molecules, the rate 

of removal of a monomer from another monomer molecule is kchemC*M, and this is equal to 

the diffusive flux JM- Equation 4.20 becomes 

SirDMdMM 
+• [M] (4.29) 

and therefore 

"^ = TTT ^)^in ^ • (4-30) 
A + Kchem/oT^^M<lMM 

This applies to a given monomer molecule that was considered stationary above. For all 

the 'stationary' monomer molecules, the concentration of 'moving' monomer molecules at 

a distance dMM (i.e., the concentration CMM of M-M pairs) is 

[M]' . . „ . . 
^'^M = T T T — / L n A—• (4-̂ ^^ 

1 + Kiifm/o'nUMO-MM 

The rate is therefore 

^ 1 H- IS-ctieml^DMdMM 

and the rate constant is 

k = ^^ . (4.33) 
1 + ^chem/^'^DMdMM 

Substkutkig Equation 4.24 into Equation 4.33 the followkig is 
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5-r 

Figure 4.3: Linear relationship between kdc and kr. 

k = 
kdc + Xc/,em 

(4.34) 

Equation 4.34 is the same used in Equation 4.14 as described ki Levinei [30]. 

4.4 Discussion 

In this chapter, an attempt has been made to understand the kinetics of the dimer

ization of methylene blue in supercooled glycerol. In this effort, relaxation data from 

'kistantaneous' temperature jumps has been combined with the estimated -viscosity data, 

so it can be reduced to find the average relaxation times, reaction rates, acti-vation energies, 

and estimated diffusion reaction rates. Prom this, it is seen that according to the acti-vation 

energies for viscosity, reaction rate, and diffusion controlled reaction rate that there is no 

significant difference. Also it can be seen that there is no significant difference between 

the logarithm of pre-exponential factors for kdc and kr. Howe-ver, looking at the Table 4.4 

the kr values are smaller than the kdc values. A linear regression show on the a-verage 

that kdc is 1.45 x kr. The results of this regression are shown ki Figure 4.3. It should be 

pointed out in this regression that the intercept is not significantly different from zero. A 
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possible conjecture from this analysis is that the reaction rate kr is a mixture of diffusion 

and chemical reaction. Using Equation 4.34, and assuming that the reaction follows the 

mechanism D *— (M-M)* ^ 2M instead of D i=; 2M. Here (M-M)* is assumed to be the 

acti-vated complex. Then kchem is larger than that attributed to diffusion alone, making kr 

smaller than kdc-
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CHAPTER 5 

UP-AND-DOWN TEMPERATURE RAMPING STUDIES OF 

METHYLENE BLUE DIMERIZATION IN SUPERCOOLED GLYCEROL 

5.1 Introduction 

A hypothetical representation of a change in a property (i.e., enthalpy, H, -volume, V, 

refractive kidex, n) due to a sudden change in temperature near the glass transition is 

depicted in Figure 5.1. The lower panel depicts the change in property with the change 

in temperature. The initial drop going from Pi to Po+ is the response from molecular 

vibrations, since the structure of the liquid has had no opportunity to change. It represents 

the glass-like change of a property as the temperature is changed. The slow decay, Po+ to 

Poo, is the structural relaxation. This structural relaxation is thought to correspond to the 

kkietically impeded rearrangement of the temperature-dependent structure of the liquid. 

If the structural relaxation actually goes to Poo then equilibrium is adiieved again. This 

indicates that the liquid is still in a supercooled phase and has not crossed over the the 

glass region (see Mojmihan et. al. [8]), 

The upper panel in Figiure 5,1 depicts the change in fictive temperature, T/, at a 

sudden temperature change (i.e,, Ti to T2), The fictive temperature is introduced for 

computational and conceptual convenience and represents the relaxation part of property, 

p, expressed in temperature units. In Figure 5,1 as property p varies from Po+ to Poo, T/ 

varies propori;ionally from Ti to T2. At eqmlibrium T/ = T. The relaxation process m 
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Figure 5,1: A drawkig representkig the structural relaxation of property, p, followkig a 
rapid temperature change from Ti to Ta (See Moynihan et al, [8]), 

Figure 5,1 may be characterized by the following relaxation function, 

(̂t) = ILZ3. 
^^ ' Tl-Ti 

(5,1) 

which varies from unity at time 0 to zero at long times. 

When a liquid is cooled and reheated, a hysteresis is observed, as shown in Figure 5,2 

upper graph. When the liquid passes through Ti on cooling, it is still relaxing slowly. 

When reheated to Ti, its structure is more compact than it was during cooling. Being more 

compact, it relaxes more sluggishly. Eventually the temperature becomes high enough to 

provide mobility, and the structure rapidly approaches the equilibrium curve. The lower 

graph in Figure 5.2 shows the change in slope as temperature changes. The imdershoot 

shows the material trying to go toward equilibrium during the temperature increase, so 

the slope is smaller during reheating than during cooling. The overshoot shows the rapid 
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Figure 5.2: The upper figure depicts the hysteresis in property p during cooling and re
heating. The lower figure is the hysteresis in temperature derivative dp/dT during the 
thermal cycle, (See Scherer [3]). 

approach ofthe property (p) to equilibrium at high temperature (see Scherer [3]). 

Figure 5,3 depicts how relaxation is effected as a liquid is cooled and then later heated, 

A continuous cooling and heating is represented as a finite number of step functions. After 

a time period the temperature is immediately changed by a temperature step, and the 

property relaxes until the next temperature step. Early tn the cooling process, it can be seen 

that the relaxation is complete prior to the next temperature jump. As the temperature is 

lowered further it is apparent that relaxation is still occurring when the next temperature 

jump is made. However, in the figure one notices that once the temperature jump occurs 

there is an immediate drop in the property being measured before the relaxation starts. As 

pointed out earlier in this section, this initial change is due to the response from molecular 
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tin 

Figure 5,3: A step function showing the cooling and heating of a liquid as it goes through 
the glass transition range. The relaxation curves represent the relaxation during the length 
ofthe step, ( See Moynihan [8]). 

vibrations. It can be noticed that as the temperature increases there is an initiad increase 

due to the vibrations, but then it relaxes toward a lower value of the property until the 

next temperature jump occurs. This goes on until the temperature rises enough that the 

property can relax normally. 

Barkatt and Angell [1] showed that the hysteresis, which is characteristic of the loss and 

subsequent regain of equilibrium on cooling and heatmg through a glass transition region, 

is clearly displayed in thek work with 1, l'-diethyl-2, 2'carbocyanine (pinacyanol) halides 

(chloride and iodide) in polyalcohol sorbitol. They were able to obtain an "optical T^" 

with good reliability. However, there was a difference between the normal and the optical 

probe glass transkion temperatures ki the case of the dye equilibrium. They showed that 

as the dye concentration increased the dkference between the two T'^'S became less. 

Usmg the TNM model (see Equations 5.2 and 5.3) developed by Moynihan et al. [6, 7] 

they were able to fit thek hysteresis very well. The dkference m thek work and the normal 

glass transition was that /3 w 1 and x was about 0.8 versus 0.6. 

In this work uskig methylene blue ki glycerol a hysteresis was also observed for both 
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Figure 5.4: Monomer and dimer absorption curves showing continuous cooling and heating 
at 2K/mki using 407/xM stains-all in glycerol. 

the monomer and dimer peaks. The data also was described well with the TNM model 

(see Equations 5.2 and 5.3). 

5.2 Methods and Materials 

In Chapter 2, there is a general description on how the data was collected. For the 

ramping studies the temperature at the cell face was measured -with a transducer and was 

read in volts off a digital -voltmeter. The company provided a caUbration sheet relating 

voltage to temperature. In order to test the validity of the ceJibration curve the cell was 

allowed to equilibrate before the voltage was read. In the temperature range, 280 —^ 170K, 

our values matched those of the caUbration curve. In order to convert the voltages into 

temperature readings the calibration readings were con-verted with a spline routine in 

MatLab. 

The absorbance readkigs were corrected for changes in density due to a change in 

temperature by extrapolatkig the formula found in McDuffie et al. [31]. 

In order to be able to test the resuks of Barkatt and Angell [5, 1] stains-all^ dissolved 

in glycerol was tried first. Figure 5.4 shows the resuk of continuous cooling and heatmg 

1C.A.S. Number 7423-31-6 
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Figure 5.5: Monomer, dimer, and aggregate absorption curves showkig contmuous cooUng 
and heating at 2K/mki uskig 817/iM stains-all in glycerol. 

of the 407/iM stains-all solution at 2K/mki. The figure on the left is the change in the 

monomer absorbance as a function of temperature. The one on the right is the dimer curve. 

What is evident from the dimer cur-ve is that the hysteresis did not occur. Figure 5.5 shows 

stains-all at 817/iM. The right graph is the result of the formation of higher aggregates 

curve. Further indication of higher aggregate formation comes from the shape of the dimer 

graph in the middle. As the temperature cools the dimer peak rises untU a pokit where 

it starts to fall. There is no noticeable difference in the monomer graphs between the two 

concentrations. Stains-all was rejected as a candidate because of the lack of hysteresis in 

the dimer graph (Figure 5.4) and the formation of higher aggregates (Figure 5.5). 

One other test included looking at rhodamine B^ in 15 mole percent LiCl. In these 

tests no hysteresis was found in either the monomer or the dimer curves as a fimction of 

temperature. There was no evidence of higher aggregates at higher concentrations. Not 

all dyes dimerize in a solvent. For instance, rhodamine B did not show dimerization ki 

glycerol. Neither stakis-all nor methylene blue showed dknerization ki LiCl solutions. 

Figure 5.6 shows a composite spectra of the monomer and dkner for methylene blue 

as a fimction of temperature in 20K increments as the temperature is lowered from 280K 

to 170K. It shows the growth of the dkner peak as the temperature is lowered. Figures 

2C.A.S. Number 81-8&-9 
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Figure 5.6: Composite spectra of methylene blue taken at 20K increments as the sample 
was cooled from 280K. 
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Figure 5.7: Monomer and dimer absorption curves showing continuous cooling and heating 
at 2K/min uskig 323AtM methylene blue in glycerol. 

5.7, 5.8, 5.9, 5.10, and 5.11 show the monomer and dimer curves of methylene blue for 

continuous heating and cooUng at 2K/min for the foUowing concentrations: 323, 561, 691, 

884, and 1050/iM. Each graph represents the average of three separate runs. The error 

bars are one standard deviation at the temperature indicated for the three runs. With the 

exception of the 323/xM concentration the hysteresis is real. 

In order to use the Tool-Narayanaswamy-Moynkian (TNM) model as described by 

DeBolt et al. [9] the absorption data points had to be converted mto fictive temperatures. 

Then the data were fitted to the foUowmg TNM equations: 
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Figure 5.8: 
at 2K/min 

Monomer and dimer absorption curves showing continuous cooling and heating 
using 561/iM methylene blue in glycerol. 
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Figure 5.9: 
at 2K/min 

Monomer and dimer absorption curves showkig continuous cooling and heatkig 
using 693/iM methylene blue in glycerol. 

Tf,m = To + J^ATj 
j-=i 

1 - exp I - ^ 
fc=j- qkTQk 

(5.2) 
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Figure 5.10 
at 2K/mki 

; Monomer and dimer absorption curves showkig contmuous cooling and heatkig 
usmg SS4pU methylene blue in glycerol. 
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Figure 5.11: Monomer and dimer absorption curves showkig contmuous cooling and heatmg 
at 2K/mki uskig 1050//M methylene blue ki glycerol. 

with 

Tojb = A exp 
xAh* (1 - x)Ah* 
Rn "̂  RTf,k-i 

(5.3) 

Equation 5.3 was introduced by Narayanaswamy [32], based on the work of Tool [33], to 

account for the de-viation from the Arrhenius equation when supercooled liquids approach 

the glass transition point. 

Tool's [33] concept of fictive temperature suggested that the structural change is gov

erned by the equation 

dTf _ 
dt 

= A exp 
T 
5J 

exp (T - Tf) (5.4) 

where g and h are constants. Here the state of the glass is characterized by the temperature 

Tf (the 'fictive' temperature) at which that structure would be in equilibrium. T is the 

actual temperature; at eqmlibrium T = T/. 

Ritland [34] points out that the concept of fictive temperature is at best an approxima

tion although a -very useful one. It assumes that the structural state can be described by one 

parameter, T/. It assumes that every nonequiUbrium structural state at one temperature 
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is an equilibriiun state at another temperature. 

{li-).^='f^^f-'^)^i^iT^ + ^2Tf) (5.5) 

Neither Tool's equation 5.4 or Rkland's equation 5.5 accounts for a structural relaxation 

as a supercooled liquid cools through the glass transkion region Tf. Moynihan et al. [6, 

9] re-derived the dependence of Iknking fictive temperature on cooUng rate using the 

assumption about structural relaxation in the glass. In order to use the concept of fictive 

temperature Moynihan et al. applied the work of Narayanaswamy [32] ki thek recursive 

equation. 

The TNM model parameters Ah*, j3, x,andA were estimated using a simplex method. 

The parameters A, Ah* andx are highly redundant so the estimate of Ah* were obtained 

from thermodynemaic studies on glycerol. NormaUy, the parameters x and/3 are constrained 

between 0 < ar < 1 and 0 < /? < 1. The data reduction was carried out using a MatLab 

program, TNMmin (see appendix A.0.1 for the code). Due to the nature of this program, 

the above constraints are not used in TNMmin. In order to test the validity ofthe TNMmin 

program, data were taken from Figure 6 in the paper by Debolt, et.al. [9]. Figure 6 in 

DeBolt's paper was scaimed into the computer as a JPEG file and the data were digitized 

by usmg a computer program "UN-SCAN-IT^." A comparison other resuks and TNMmki 

is given in the Table 5.1. DeBolt origkially fitted her data Ijy vaiymg the parameters, /3, 

A and x, while watching the fit on a graphics computer monitor. Considermg aU the error 

introduced into the data the comparison is very good (see Table 5.1). 

'Silk Scientific, P.O. Box 533, Orem, Utah 84059 
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Table 5,1: A comparison ofthe four TNM Parameters obtained from data presented by De-
Bok, et. al. [9] and this study uskig the MatLab program, TNMmki (see appendbc A.0.1). 

"Parameter Debok This Study 
Preexponential (A) 1.21 x 10"** 6.31 x 10~^̂  
Ah* 90kcal/mol 86.1 kcal/mol 
/3 0.65 0.60 
X 0.45 0.43 

Table 5.2: Dkner TNM Fktkig Parameters. 

Cone. Ah* A /3 X 
(^Molar) (ceil/mol) (sec) 

561 4.09e-i-04 7.46e-40 0.94382 0.29426 
693 3.00e+04 1.60e-28 0,99755 0,56538 
884 2.93e+04 4.23e-28 0.91041 0.65903 
1050 4.47e+04 2.41e-42 0409021 0.68887 

(K) 
211.1 
214.9 
213.2 
215.8 

5,3 Results 

Figure 5,12 and Tables 5,2 and 5,3 show the results of applying the TNM model (see 

Equations 5,2 and 5,3) to the continuous cooUng and heating of glycerol while monitoring 

the peak heights of the monomer and dimer peaks of methylene blue as temperature is 

changed. In Table 5,4 the results are averaged together and compared with the -work of 

Simon and McKenna[13]. The last colunm is each table give the limiting fictive temperature 

Simon and McKenna analysis was done on data for glycerol obtained by others usmg 

dynamic calorimetry. Other than the Iknking fictive temperature being higher than were 

Table 5.3: Monomer TNM Fktmg Parameters. 

Cone. 
(//Molar) 

561 
693 
884 
1050 

Ah* 
(cal/mol) 
2.98e-h04 
2.97e-F04 
2.60e-F04 
2.52e+04 

A 
(sec) 

3.17e-28 
3.37e-28 
1.38e-24 
6.90e-24 

13 

1.3927 
1.1599 
1.2098 
1.1584 

X 

0.63732 
0.61538 
0.94631 
0.74410 

T'/ 
(K) 

217.0 
215.7 
217.1 
214.5 
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Ficure 5 12- Fictive temperature plots of methylene blue in supercooled glycerol at 561, 
693, 884 and 1050 /xMolar concentrations. The graphs on the left represent the monomer 
peaks and the ones on the right represent the dkner peaks. 
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Table 5.4: TNM fitting parameters comparison obtained in this study with those obtained 
by Simon and McKenna [13]. 

Cite Aĥ  A P X f 7 
(cal/mol) (sec) {K) 

Dimer 3.62e-t-04 1.46e-28 0.82 0.55 213.8 
Monomer 2.77e-|-04 2.07e-24 1.23 0.74 216.1 
Simon and McKenna 3.18e-|-04 6.64e-36 0.51 0.29 190.0 

obtained using calorimetric data, the rest of the values compare very favorably. 

5.4 Discussion 

The use of the TNM model (see Equations 5.2 and 5.3) was developed to study the 

structural evohition in glass forming systems in the -vicinity of T/. The TNM model 

captures the preponderance of the phenomenology of the structural recovery e-vent by 

including se-veral important concepts in several proposed constitutive relationships: 

1. The principle of thermorheological and structural simplicity relates the molecular 

mobility to the structural departure from equUibrium, where the fictive temperature 

Tf measures departure of the structure from equilibrium. It is assumed in this 

model that aU relaxation tknes depend in the same way on the global structure and 

temperature. 

2. The relaxation response of the structural recovery is represented by a nonexponential 

decay function. 

3. The constitutive equation itself is a collection of superposition of various relaxations 

going on at the same time. 

In the TNM model, x represents the parameter that separates the temperature depen

dence of the relaxation tkne r into pure temperature and structural components, and is 
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often referred to as the nonlinearity parameter. When x= 1, the response is purely tem

perature dependent, and when x= 0, the response depends only on structure (see AngeU 

et al. [35] for more information). 

Barkatt and AngeU [5] found uskig the TNM model that /3 ?» 1 and 0.8 < x < 1.0. In 

calorimetric studies of sorbitol ^ « 0.6. The more /? moves from 1 toward zero, the broader 

the distribution of relaxation tknes. In the case mentioned above they attributed that with 

/3 « 1 there is only one relaxation time and it will be seen that is what this study also 

found. Values of x vary from zero to one and are an indication how much of the relaxation 

is related to the structure. If x « 1 then the relaxation foUo-ws an Arrhenius relaxation. 

Calorimetric studies show x w 0.5. They attributed the value of x to the coupling of 

the solvent and solute and found that an intermediate -value of x between 0.5 and unity 

£is being reasonable. The higher values were attributed to the local probe envkonment, 

i.e., the solvent, than of the solute itself. 

One of the problems ki fitting the TNM model is that the parameters are highly cor

related. In this study all four parameters were aUowed to vary in the fit. In the -work of 

Barkatt and AngeU [5], the value for Ah* was determmed by calculatkig the Umitkig fictive 

temperature T/ at a number of coolmg rates. Using an Arrhenius plot of \n\q\ versus ;^ 

they determined Ah* from the slope. This is the same procedure used by DeBolt et al. [9]. 

In this study, the limkations of the cryostat did not allow a large enough cooUng rate 

range to determine Ah*, so it was determined by fitting. When parameters have a high 

correlation for a small change m one parameter the other parameters knmediately change 

to keep the error at a mmknum. In other fittings, where there is less of a correlation in 

the parameters, a change m a parameter will be mdependent of the other parameters. 
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teresis was In the temperatiu-e range of this study where the preponderance of the hystc 

found the glycerol relaxation is occurrmg fast enough that system response to temperature 

change is kistantaneous. Only ki this case did we find /3 approxknately equal to unity. 

However, it is seen that, based on the model, there is a contribution due to structure (i.e., 

z < l ) . 

The goal here is to take information gamed from the kmetic and equilibrium studies 

to form an equation sknilar to the TNM model (see Equations 5.2 and 5.3) without the 

contribution by Narayanaswamy (see Equation 5.3). A change m monomer concentration 

as a function of temperature is derived from the continuous scan data uskig the percentage 

of monomer separated from the composite spectrum during the eqmlibrium studies. In 

this kinetic model, the continuous scan data is simply a series of T-jumps, where the r's 

are the r 's obtained during the temperature jump experiments in the kinetic studies. The 

basic equation which was coded up can be seen in equation 5.6: 

"» / r dT 1 \ 
Conc,„ = Conco + Y^ d Cone*, x l l - exp I 

^ V I qxTki/ 
(5.6) 

where COUCTO is the concentration at T~Jump, dT, and time, t, dConCfc is the concentration 

change occurring durkig dTfc, and rjt is the relaxation tkne for the k*** T-Jump. 

The characteristic r values used in these calculations are in Tables 4.1 and C.8, and are 

based on the resuks derived from Equation 4.1. The dConc/t are based on the difference 

between the beginning concentration and the concentration achieved after equUibrium and 

these are derived from the constant term in equation 4.1. 
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Figure 5.13: Estknatmg hysteresis of the contmuous down-upscans of methylene blue m 
supercooled glycerol. The points are the monomer concentration of down-upscans as de
scribed in Chapter 5 on page 38. The solid curve represents the estimate usmg Equation 5.6. 

The fit in Figure 5.13 obviously is not a good one. In the kinetic model, the concen

tration during contmuous rampkig is calculated uskig apparent relaxation tknes obtakied 

from T-jump measurements. In contrast, the TNM model does not treat kinetics dkectiy 

but associates a relaxation tkne to structural recovery. The connection between structural 

recovery and a property is made by converting the property to a fictive temperature. By 

fitting the fictive temperature to the TNM model, one obtains parameters that can be 

used to calculate a relaxation time associated with structural recovery. Table 5.5 shows 

the relaxation times in the temperature range of 202-218K. It is clear that for two degree 

jumps, the TNM relaxation tknes are greater than the kinetic relaxation times. Secondly, 

the asymmetry in the TNM relaxation times is such that the relaxation is always faster 

for cooling than for heatkig. The absolute value of the asymmetry is greater than 278 sec. 

In contrast, the asymmetry in the kinetic relaxation times is inconsistent. For example, 

at 202K, although the relaxation time for heating is less than for cooling the difference is 

small (18K) compared to the values ofthe relaxation tknes. It would appear that for 202K, 
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Table 5.5: Comparison of r values between TNM and kinetic studies. 

Temp 
202 
204 
206 
208 
210 
212 
214 
216 
218 

TNM Relaxation Tknes 
CooUng 
8409.35 
5234.38 
3248.02 
1965.02 
1130.51 
623.52 
335.48 
176.21 
89.90 

Heating 
8749.20 
5805.98 
3728.04 
2455.76 
1630.59 
1100.55 
761.22 
533.22 
368.66 

Abs. diff. 
339.85 
471.61 
480.02 
490.74 
500.08 
477.03 
425.75 
357.01 
278.76 

Kinetic Relaxation Times 
Cooling 
3942.35 
1825.90 
995.78 
425.04 
69.19 
42.46 
568.47 
69.90 
62.32 

Heating 
3824.27 
2126.07 
682.16 
489.83 
425.04 
151.52 
56.69 
299.31 
216.99 

Abs. dUf. 
18.08 

30O17 
313.62 
64.79 
355.85 
109.07 
511.78 
229.41 
154.67 

the relaxation tknes for cooling and heating are, within experimental error, the same. For 

204K, the relaxation time for cooling is less than for heating, which is consistent with the 

TNM model. However, for 206K, the relaxation time for cooling is greater than for heat

ing, which is opposite the prediction of the TNM model. For 208K the relaxation tkne for 

cooling is less than for heatkig as predicted by the TNM model, but the difference is again 

small. The problem of controllmg the cooling is probably greatest for the 210-218K cooling 

kmetic relaxation tknes, as discussed ki Chapter 4. These times (with the exception of 

the 214K relaxation) are less than or comparable to thermal "settling tkne" of 300 sec. 

Assuming that the relaxation times for the temperature range of 202-208K are the most 

reliable, then the kmetic data show no asymmetry and that the differences between the 

kmetic relaxation tknes for cooling and heatkig are most lUcely due to experknental error. 

So, although we are able to fit the ramping data quite well with the TNM model, the 

relaxation tknes calculated from the parameters obtained from the fit do not agree with 

the kinetic relaxations tknes. 

In order to explaki the difference in T ' /S ki the optical and calorknetric measmrements 

Barkatt and AngeU [1] suggested that thek must be a special kmetic barrier which two 
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monomers must surmount in order to dimerize. The most obvious barrier is the distance 

within the viscous solvent over which the two probe monomers must diffuse in order to 

dimerize. They held that the more dilute the solution the greater the distance a monomer 

must travel, hence the increase in the optical Tf. Reinsberg et al. [36] presented NMR 

evidence usmg spki echo techniques that the length scale for heterogeneous dynamics ki 

glycerol at 203K was 10.0 ± 5,0 Angstroms, In the current theory, molecules ki these 

different areas of heterogeneity move magnitudes faster than ki adjacent areas. If a molecule 

relaxes in one area of heterogeneity versus in another area, then the measured relaxation 

will be nonexponential, as sho-«m by Reinsberg et al. [36] with a /? fti 0,55 in the KWW 

equation (Equation 1,1), Below it will be shown that the distance between monomer 

molecules at a tjrpical concentration used in this study exceeds the heterogeneity length 

scale by a factor of 10. 

The distance between two monomer molecules may be estimated by con-verting the 

concentration of the dye to Angstroms/molecule by usmg Avogadro's number, and taking 

the cube root of the resultmg volume. The result of this calculation shows that on average 

for methylene blue at 884/iMolar the distance between two monomer molecules is 123 

Angstroms. 

Usmg the length calculated above the tkne it takes to move that distance may be 

estimated from 

l2 

' = 15 '"' 

where (based on the Stokes-Einstein relation), 
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T̂  k / j T 
D = T - 5 — (5.8) 

and where r^ is assumed to be 1 Angstrom (the molecular radius of the molecule) and T) 

is the calculated viscosity at 200K from Chapter 4. The resuk of this calculation is that if 

one monomer molecule travels 123 Angstroms it is gokig to take 183 seconds. This value 

is of the same order as reported in Chapter 4. 

Comparing 10.0 Angstroms to 123 Angstroms, a monomer must travel over se-veral areas 

of heterogeneity to dimerize. The relaxation tkne will be determined by an average of the 

diffusion constants over the region and hence the relaxation appears to be exponential. 

Rekisberg et al. [36] assumed that if these regions of heterogeneity are cubes with a side 

of 10 Angstroms there would be about about 8 glycerol molecules in each cube. If these 

measurements on glycerol are correct, then monomers will be separated by several areas 

of heterogeneity. Like Barkatt and AngeU [1], it appears that as the concentration, in this 

study, is increased there is a perceptible decrease in the optical Tf. Using these results 

it would take a dye concentration of 0.396 Molar for the length and time scale in to be 

comparable with glycerol. This concentration is nearly 400 times the highest concentration 

used in this study. This is a difficult concentration to achieve in practice because of the 

dyes limited solubiUty and the limitations of the spectrophotometer. 
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CHAPTER 6 

CONCLUSIONS 

This study has been divided into three parts: spectroscopic studies on methylene blue 

dkner equilibrium in supercooled glycerol, temperature jump studies of methylene blue 

dimerization in supercooled glycerol, and up and down temperature ramping studies of 

methylene blue dimerization in supercooled glycerol. 

In the equilibrium studies, thermodynamic properties of free energy AG enthalpy AS, 

and entropy AS were derived as a fimction of temperature. It was seen that the eqmlibrium 

constant did not strictly follow an Arrhenius plot. Prom this, it was determmed that AG 

was domkiated by AH at low temperatures and AS at high temperatures. 

In this chapter, the composite spectrum was separated into monomer and dimer compo

nents. The results of the monomer spectrum were used later in the chapter on temperature 

ramping in order to evaluate a proposed relaxation model. 

In the chapter in which temperature jump studies were performed, average relaxation 

times were determined from 2K jumps going both up and down. Because of the trouble of 

maintaining stability with the down-jumps only the up-jumps were used. Of the t-wo com

ponents, only the monomer was used in calculations. The change in the dimer peak with 

a 2K jump was just barely above the experimental noise. Comparmg monomer data with 

viscosity data m the same temperature range there was no significant difference between 

between activation energies for the calculated viscosity, theoretical diffusion controlled, and 

the experknental data. It was concluded that these resuks mdicate that the movement of 

the monomer molecule is diffusion controlled. 
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The last chapter deals with contmuous scannkig of the dye mbrture from a fixed temper

ature near ambient conditions down to below the glass transition temperature of glycerol 

and back up. Wkh four different concentrations a hysteresis was observed for methylene 

blue in glycerol. An average of three runs were taken to show that the hysteresis was 

statistically significant. The average of these three runs were fit with the TNM Model. 

Uskig data derived in the temperature-jump and equilibrium chapters a sknple model was 

devised which excluded memory effects of the TNM model. The resuks showed the trend 

with the hysteresis but did not fit the data very well. 

The non-lkiearity parameter, 'x', in our TNM studies was well below the value of one. 

This indicates that there is some structure in-volved with the relaxation. However, the 

comparison of the relaxation times between the TNM and kinetic models did not agree. 

The TNM model predicted that asymmetry should be observed. However the kinetic 

values did not confirm this. Therefore, this study indicates that the analysis of Barkatt 

and Angel [5, 1] is incorrect. The TNM model does not correctly describe the kinetics of 

the dimerization/dissociation reaction. While a simple model of the reaction kinetics does 

not quantitatively predict the heatkig and cooUng hysteresis, the results do suggest that 

prior kiterpretations of the observed phenomenon as an optical glass transition are not 

supported by the present experimental results. 

In this study, there are very complicated issues. Some issues have been overlooked 

or sknplified. When a solute diffuses through a solvent, it must negotiate space with 

fellow solute and solvent molecules. As the temperature decreases, the molecules are closer 

together and more molecules must cooperate if diffusion is gomg to take place. In most 

Arrhenius studies m liquids it is assumed that the solute molecule is solvated and this may 
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affect the pre-exponential term of the Arrhenius equation. 

For a more definitive study, one will have to find another dye that is mostly a monomer-

dimer formation, but with a larger change between the monomer and dkner peaks as 

temperature changes. Wkh a larger change in the dkner peak, one would be able to 

calculate the dissociation rate of the dimer molecule from the dkner data. In this study 

only the fonnation rate of the dimer was studied. 

Better control of the cryostat for cooUng is needed. This study used liquid nitrogen. 

Maybe liquid helium would aUow this to happen. In this study the needle valve opened 

to such a large extent that it could not be quickly shut down as the target temperature is 

approached, and small openings did not release enough liquid nitrogen to start immediate 

coolkig. 
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APPENDDC A 

COMPUTER PROGRAM 

Progrsun A.0.1 MatLab program to reduce continuous temperature scan data using the 
TNM-Q algorithm. Data was reduced uskig a Simplex method. 
function b=TNMniin(v) 
global data q dT tau 
A-v(l); 
beta-v(3); 
x-v(4); 
T»data(:,1); 
n-length(T); 
Tf*data(: ,2); 
Tff"2eros(n-l , l ) ; 
q-Tff; 
tau-Tff; 
B=v(2);5i dH estimate, need to multiply by R 

dT-diff(T); 

for i"l;n-l 
if dT(i)<-0 

q(i)»-2/60; 

else 
q(i)»2/60; 

end 

end 
tau=A.*expCx.*B./T(2:n)+(l-x)*B./Tf(l:n-l)); 

%tau=tau'; 
Q=dT./(q.*tau); 

R-C]; 
for m^lcn-l 

R=[R,dT(m)*(l-exp(-l*(cum8um(Q)."beta)))] ; 

Q(m)"0.0; 

end 

P=5um(R,2); 

Tff-T(l)+P; 

Tff=CT(l);Tff]; 

mindiff-((diff(Tff)./diff(T))-(diff(Tf )./diff (T))); 

b»Kiot(mindiff .mindiff ); 
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Figure B.l: DSC measurements of methylene blue in glycerol. Figure A heating rate is 5.0 
C/min. Figure B heatkig rate is 12.5 C/min. Figure C heating rate is 25.0 C/min. 

f I 
i 

-100 -80 -60 -40 -20 
Temp CO 

-3.5-r 

f 
o 

I 

-100 
T — I — r 
-80 -60 -40 

Temp CC) 

-3 .0-
-3 .5-
-4 .0-
-4 .5-

-1 

-2.8-
-3.0-
-3 .2-
-3.4-
-3.6-

^ 
> 

1 
00 

A . 
> 

B 

\ 
\ \r 
T i l l 

-80 -60 -40 -20 
Temp Co 

D 

\ 
\ ^ . — - ^ — v 
-T r - l 1 

-20 -100 -80 -60 -40 
Temp C o 

-20 

Figure B.2: DSC measurements of glycerol. Figure A heatkig rate is 5.0 C/min. Figure B 
heatmg rate is 12.5 C/min. Figure C heatkig rate is 25.0 C/min. Figure D heatkig rate is 
12.5 C/mm. 

64 



0.20-

0.16 .j 

0.10 r 

aos 

0.00 

|134.99)|MJ 

-y^^ 1^ -n 
400 

T 
600 600 700 

W»vl«ng>h (nm) 

I'^i 
800 

0 .7 -

0 .6-

0.S-

0.4-

0 .3 -

0 .2 -

0 . 1 -

0 .0 -

451.0«)lM 

I I I I I I I I I I I I I I I T"'! I I I 

400 SOO 600 700 800 
Wavetength (nm) 

I I I I • I I I I I I 
SOO 600 700 

Wavelength (nm) 
800 

500 

1 1 1 1 1 1 i I 1 

600 
Wavelenglh (nm) 

r T - r - r r 

700 800 

P'O-yi fl I I I I ll , 

400 500 eoo 700 800 
Wevelength (nm) 

0.0-

400 

I I I I I I I I I I I I I I i i"l I 

500 eoo 700 800 
Wav«lenam(nm) 

400 
• I ' ' ' • I • ' ' ' I 
SOO 600 700 800 

We»elenoth (nm) 

1.4-

1.2-

1.0-

0.8-

0.6-

0 .4-

0 .2 -

999.7 |iM 

0 . 0 - y ^ 

400 500 600 700 
WavelenQth (nm) 

800 

Figure B.S: 210K Comparison of the raw data with the estunated data by recombmmg the 
dkner and monomer curves for thek respective concentrations. 

65 



0>t-

0.3.^ 

OJ!"-

0 . 1 -

• 0 . 0 -

|274.17 MM| 

RawOela 
Estlmale 

- . • • • • ' ^ 

r» 
400 SOO 600 700 800 

Wevelenglh (nm) 

I • • • ' I • • • • n 
400 500 600 700 800 

Wevelenglh (nm) 

I ' ' • ' f 
4 0 0 SOO 600 700 800 

Wevelenglh (nm) 

1 7 - : 

I.0H 

0.8 H 

0.6 H 

0.4. : 

OJ!-; 

0 . 0 -
'n 

|99g.7 ) I M | 

Raw Data 
Estimale 

••mrn^rTi 
400 SOO 600 700 

Wavelength (nm) 
800 

400 SOO 600 700 800 
Wevelenglh (nm) 

0 . 0 - " T " • • ' I 
400 SOO 600 700 

Wavelength (nm) 
800 

1 -2 -

1.0 .j 

0 .8-

0.6-

0.4-; 

0.2 •• 

1840.92 M M | 

Raw Data 
Estimate 

r* 400 500 600 700 
Wavelerwth (nm) 

800 

8 1.0- I 

400 

I I I I I I I I I I 
500 600 700 

Wavelength (nm) 
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Figure B.S: 230K Comparison of the raw data with the estunated data by recombmmg the 
dimer and monomer curves for thek respective concentrations. 
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Figure B.6: 240K Comparison of the raw data with the estimated data by recombmmg the 
dimer and monomer curves for thek respective concentrations. 

68 



I 1 I • I I I I I I I I ^ n i * 
400 500 600 700 800 

Wevelenglh (nm) 

0.6-

OA-

0.2 •• 

i ' 

4 5 1 . 0 6 | I M | 

Raw Dale 
EsUmale 

400 600 600 700 
Wavelength (nm) 

800 

1 0 -

0 .8 -

0.6-j 

0.4-1 

0.2-; 

0 .0 -
n-

|e51.82MM| 

Raw Dale 
EsUmale 

400 SOO 600 700 
Wavelength (nm) 

800 

400 

' I • I I I ' f 
600 600 700 800 

Wavelength (nm) 

0 .0 - I • I I I I f l ' l I f 
400 500 600 700 BOO 

Wavelength (nm) 

1.4-

1.2 

1.0-

0 . 6 -

0 . 6 -

0.4 

0.2-

0 . 0 -

840.92 |>M 

I 1^ I I I I I I I I I I I I I r ^ ' ^ ^ P l 

400 500 600 700 800 
Wavelength (nm) 

1 .6 -

1 .? -

0 8 -

0 . 4 -

0 . 0 -

(999.7 |IM| I\ 

lUnvDeta 
Estimata 

r ' » ' ' 1 ' ' ' 
400 SOO 600 700 

Wavelength (nm) 
800 

Figure B.7: 250K Comparison of the raw data with the estimated data by recombining the 
dimer and monomer curves for thek respective concentrations. 
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Figure B.S: 260K Comparison of the raw data with the estimated data by recombinmg the 
dimer and monomer curves for thek respective concentrations. 
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represents the fit of the curve when the temperature had reached its new temperature. 
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APPENDDC C 

TABLES 

Table C l : Values used in the calculation of K, the dimer dissociation constant at 200K 
according to the methods described by Rohatgi and Singhal [15]. 

Concentration (M) Monomer Dkner 
1.35E-04 
2.74E-04 
4.51E-04 
5.36E-04 
6.52E-04 
8.41E-04 
9.00E-04 
l.OOE-03 

8.82E-h04 
8.36E-t-04 
8.05E-f04 
7.86E-f04 
7.57E-I-04 
7.33E+04 
7.15E-f04 
6.52E+04 

3.61E-I-04 
3.90E+04 
4.11E-f04 
4.23E-f04 
4.77E+04 
4.64E+04 
4.60E+04 
4.90E+04 

D 
4.09E-01 
4.67E-01 
5.11E-01 
5.39E-01 
6.29E-01 
6.32E^01 
6.44E-01 
7.51&01 

1.000 
0.875 
0.800 
0.759 
0.650 
0.647 
0.635 
0.544 

Average 
Std. Dev. 

Kd 

0.003372077 
0.002882589 
0.002566085 
0.001571399 
0.001995214 
0.001993644 
0.001299413 

0.002240060 
0.000736341 

Table C.2: Values used in the calculation of K, the dimer dissociation constant at 210K 
according to the methods described by Rohatgi and Singhal [15]. 

Concentration (M) Monomer Dimer D Kd 
1.35E-04 
2.74E-04 
4.51E-04 
5.36E-04 
6.52E-04 
8.41E-04 
9.00E>-04 
l.OOE-03 

8.57E-f04 
8.14E+04 
7.78E+04 
7.63E+04 
7.35E+04 
7.04E+04 
6.86E+04 
6.26E-H04 

3.57E+04 
3.87E-f04 
4.08E+04 
4.21E-t-04 
4.32E-f04 
4.49E-I-04 
4.60E-)-04 
4.87E+04 

4.16E-01 
4.75E-01 
5.25E-01 
5.52E-01 
5.88E-01 
6.38E-01 
6.70E-01 
7.78E-01 

1.000 
0.875 
0.793 
0.754 
0.708 
0.652 
0.621 
0.535 

Average 
Std. Dev. 

0.003361347 
0.002735335 
0.002482073 
0.002236257 
0.002056692 
0.00182668 
0.001230036 

0.002275488 
0.000680323 
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Table C.3: Values used in the calculation of K, the dimer dissociation constant at 220K 
according to the methods described by Rohatgi and Singhal [15]. 

Concentration (M) Monomer Dkner D X Kd 
1.35E-04 
2.74E-04 
4.51E-04 
5.36E-04 
6.52E-04 
8.41E-04 
9.00E-04 
l.OOE-03 

8.74E-I-04 
8.24E-f04 
7.98E-h04 
7.82E-h04 
7.51E+04 
7.27E-h04 
7.23E-f04 
6.81E-f04 

3.66E+04 
3.93E-i-04 
4.09E+04 
4.20E-I-04 
4.35E-f04 
4.48E-h04 
4.48E+04 
4.69E+04 

0.418568339 
0.476529563 
0.511996443 
0.537799678 
0.578970692 
0.615175347 
0.620553004 
0.687663611 

1.000 
0.878 
0.818 
0.778 
0.723 
0.680 
0.675 
0.609 

0.003478206 
0.003304095 
0.002928927 
0.002459366 
0.002436237 
0.002515957 
0.001892999 

Average 
Std. Dev. 

0.002716541 
0.000552815 

Table C.4: Values used in the calculation of K, the dimer dissociation constant at 230K 
according to the methods described by Rohatgi and Singhal [15]. 

Concentration (M) Monomer Dimer D Kd 
1.35E-04 
2.74E-04 
4.51E-04 
5.36E-04 
6.52E-04 
8.41E-04 
9.00E-04 
l.OOE-03 

8.90E+04 
8.57E4-04 
8.38E-I-04 
8.24E-I-04 
8.01E+04 
7.85E-f04 
7.70E-f04 
7.36E-f-04 

3.61E+04 
3.84E-I-04 
3.96E-h04 
4.08E+04 
4.16E+04 
4.25E+04 
4.38E-t-04 
4.50E-f04 

4.05E-01 
4.49E-01 
4.72E-01 
4.95E-01 
5.19E^01 
5.41E-01 
5.69E-01 
6.12E-01 

1.000 
0.903 
0.858 
0.819 
0.781 
0.749 
0.712 
0.663 

Average 
Std. Dev. 

0.004637917 
0.004698755 
0.003966543 
0.003627414 
0.00376026 
0.003170061 
0.002603791 

0.003780677 
0.000752118 
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Table C.5: Values used in the calailation of K, 
according to the methods described by Rohatgi 

the dimer dissociation constant at 240K 
and Skighal [15]. 

Concentration (M) Monomer Dimer D Kd 
1.35E-04 
2.74&04 
4.51E-04 
5.36E-04 
6.52E-04 
8.41E-04 
9.00E-04 
l.OOE-03 

9.09E-I-04 
8.79E-f04 
8.63E+04 
8.53E+04 
8.36E-<-04 
8.19E-f04 
8.13E-f-04 
7.80E+04 

3.73E-i-04 
3.83E-h04 
3.90E-f-04 
4.01E-I-04 
4.06E+04 
4.15E+04 
4.19E+04 
4.34E-f04 

4.10E-01 
4.36E-01 
4.51E-01 
4.69E-01 
4.86E-01 
5.06E-01 
5.15E-01 
5.56E-01 

1.000 
0.941 
0.909 
0.874 
0.844 
0.810 
0.797 
0.737 

0.008238829 
0.008149815 
0.006497859 
0.005950376 
0.005822758 
0.005624289 
0.004132442 

Averŝ ge 
Std. Dev. 

0.006345195 
0.001455485 

Table C.6: Values used in the calculation of K, the dimer dissociation constant at 250K 
according to the methods described by Rohatgi and Singhal [15]. 

Concentration (M) Monomer Dimer D Kd 
1.35E-04 
2.74E-04 
4.51E-04 
5.36E-04 
6.52E-04 
8.41E;-04 

9.00E-04 
l.OOE-03 

9.11E-f04 
8.87E-t-04 
8.78E+04 
8.71E-f-04 
8.55E+04 
8.44E-f04 
8.38E+04 
8.13E+04 

3.69E+04 
3.81E+04 
3.84E-H04 
3.91E-I-04 
3.99E+04 
4.02E-I-04 
4.09E+04 
4.20E+04 

4.05E-01 
4.29E>-01 
4.37E-01 
4.49E-01 
4.67E-01 
4.76E-01 
4.88E-01 
5.16E-01 

1.000 
0.945 
0.928 
0.903 
0.869 
0.852 
0.831 
0.785 

Average 
Std. Dev. 

0.008835888 
0.010778494 
0.008958788 
0.007507782 
0.008241708 
0.007363761 
0.005748887 

0.008205044 
0.00167145 

74 



Table C.7: Values used in the calculation of K, the dimer dissociation constant at 260K 
according to the methods described by Rohatgi and Singhal [15]. 

Concentration (M) Monomer Dimer D 
1.35E-04 
2.74E-04 
4.51E-04 
5.36E-04 
6.52E-04 
8.41E-04 
9.00E-04 
l.OOE-03 

9.09E+04 
8.87E+04 
8.81E-I-04 
8.76E+04 
8.64E-f-04 
8.38E+04 
8.50E+04 
8.31E-t-04 

3.75E+04 
3.78E-f-04 
3.84EH-04 
3.89E-f-04 
3.94E-f04 
3.89E-f-04 
3.98E+04 
4.09E+04 

4.12E-01 
4.26E-01 
4.36E-01 
4.45E-01 
4.56E-01 
4.64E-01 
4.69E-01 
4.92E-01 

1.000 
0.967 
0.947 
0.927 
0.904 
0.889 
0.880 
0.839 

Kd 

0.015701214 
0.015135039 
0.012696313 
0.011121899 
0.011952092 
0.011630382 
0.008719662 

Average 
Std. Dev. 

0.012422372 
0.002395625 

Table C.8: Cooling monomer relaxation times for the 2K T-Jumps from time zero and 
once the S3 t̂em reached a constant temperature. 

Temperature Jump 

220 -^ 218K 
218 — 216K 
216 — 214K 
214 -^ 212K 
212 -^ 210K 
210 - • 208K 
208 — 206K 
206 -^ 204K 
204 -^ 202K 
202 -^ 200K 

Tkne Zero 
Tau (sec) 
195.5925 
175.4186 
211.7113 
167.9323 
222.6417 
510.3077 
1010.3279 
1966.9271 
3914.4719 
8891.1066 

Std. Dev. 
13.5813 
11.2218 
10.1115 
13.0108 
17.1901 
14.8905 
28.0552 
62.8095 
116.3918 
778.5942 

1 

Tau (sec) 
62.3248 
69.9027 

568.46612 
42.4564 
69.1942 

425.0434 
995.7757 
1825.9039 
3842.3458 
8310.2807 

Const. Temp. 
Std. Dev. 
19.5507 
27.1660 
153.6164 
16.6080 
12.8935 
18.2882 
43.8020 
66.2327 
131.5866 
747.7605 

time (sec) 
300 
300 
300 
300 
300 
300 
420 
360 
420 
360 
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