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Chapter 6

STUDIES OF 1-AZACARBAZOLE IN BULK PROTIC SOLVENTS – II.  WATER
AND AMIDES

6.1 Introduction

Like the reactions in the diols, the observed rates attributed to reaction of 7AI and

1AC in water appear anomalously slow when plotted on the ET(30) polarity scale.1,2  This

behavior for 7AI has been examined extensively without convergence to a clear

understanding.3-21  Disagreement remains, for example, on the actual rate of

tautomerization of 7AI in water.  Petrich and coworkers suggest that only a small fraction

of 7AI reacts quickly (~20% at ~70 ps, measured in emission and transient absorption

experiments).6-18  On the other hand, Chapman and Maroncelli have argued that the

tautomerization is slower (~830 ps in water) and that the nonradiative decay rate of the

tautomer formed is much faster (5 x 109 s-1) than in alcohols.5  For this reason, only one

fluorescence band is observed for 7AI in water, as the tautomer emission is weak and is

partially hidden under the normal band.5,3,19  Examination of the reaction of 1AC in water

is therefore warranted to help to clarify the interpretation of the observed rates in both

solutes.

The steady-state and time-resolved fluorescence spectroscopy of 1AC in water is

reviewed first and is discussed within the context of the results of Chapter 5.  Two
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additional studies then explore the nature of the 1AC emission in water.  An

examination of the pH dependence of the 1AC reaction in water confirms that it is the

neutral species present in the excited-state reaction.  In the subsequent section, the

dependence of the rates observed in mixed water-methanol systems indicates that a rapid

solvent exchange model describes the observed kinetics and that the reaction of 1AC in

water is indeed slow.

The chapter concludes with a discussion of the excited-state reaction of 1AC

catalyzed by yet another family of bulk protic solvents: the amides.  This work

complements the study of the reaction of 1AC in isolated complexes involving amides

and lactams presented in Chapter 4.  The reaction rate of 1AC in bulk protic solvents is

again observed to be significantly slower than in the isolated complexes.

6.2 Photochemistry of 1AC in Water

6.2.1 Steady-State and Time-Resolved Spectroscopy

At room temperature, the steady-state fluorescence spectrum of 1AC in water or

deuterium oxide appears as a single broad band, unlike the dual fluorescence observed in

the alcohols.  As shown in Figure 6.1, deuteration of the solvent methanol slows the

proton-transfer rate and leads to decreased intensity in the region of tautomer emission.
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In water the reaction rate is believed to be even slower than that in methanol, and the

tautomer emission in water correspondingly lacks distinction from the normal emission.

The time-resolved emission of 1AC in water is unlike that measured in the bulk

alcohols: emission [excited at 290 or 306 nm] from ~20 nm spectral windows across the

band may be fit with one lifetime, and no tautomer rise (deactivation) time is cleanly

resolved by the time-correlated single-photon-counting spectrometer.  (In the deuterium

oxide temperature dependence study, a ~0.9 ns lifetime with small amplitude was

observed in the tautomer region, but this emission is attributed to protonated 1AC.)  At

25 oC, the observed (reaction) rates of 1AC in water and deuterium oxide are 2.32 ns and

7.35 ns, respectively, indicating an isotope effect (3.2) slightly smaller than for reactions

in alcohols (~5) (see Chapter 7).  The isotope effect of 1AC in water (3.2) is considerably

greater than the isotope effects anticipated for the normal decay times (~1 since no proton

or deuteron is transferred) or observed for the tautomer decay times (1.6 ± 0.2; see

Chapter 7).  This large isotope effect also supports the interpretation that the observed

decay time of 1AC in water is most likely the reaction time.

The temperature dependence of the observed (reaction) rates are summarized in

Figure 6.2 and Table 6.1, and show that the isotope effect is independent of temperature

and that the Arrhenius activation energy is ~60% of that for viscosity (Table 5.11).

6.2.2 Solvation Dynamics in Water

This apparently slow reaction in water is quite interesting.  Various measurements

indicate that “solvation dynamics” is very rapid in this solvent,22,23 although such
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“solvation dynamics” may actually be introducing concepts that are inappropriate for

understanding the problem at hand.  In Chapter 5, the observed (reaction) rates for the

diols and alcohols were compared with the solvent dielectric relaxation rates as a measure

of cooperative hydrogen-bond dynamics.  Like the alcohol and diol data presented there,

the observed rates in water are also directly and linearly related to the rapid water

relaxation times.  As illustrated in Figure 5.9, the observed (reaction) rate for water

normalized by the Debye relaxation rate lies along the linear correlation with primary

alcohols and diols on the ET(30) solvent polarity scale.  This suggests that the slow

observed rate normalized by a measure of the hydrogen-bonding dynamics in water is

consistent with the high polarity or hydrogen-bond strength of water measured on the

ET(30) scale.

6.2.3 pH Dependence of 1AC in Water

The photochemical behavior of 1AC in water was surveyed for a wide pH range

in order to determine the species fluorescing at neutral pH.  In order to make stable

measurements near pH=7, it was necessary to use a buffer (MES, 4-morpholine-

ethanesulfonic acid, pKa = 6.1).  1AC fluorescence lifetimes and steady-state emission

band shapes showed little difference at neutral pH with or without added buffer.

Absorption and emission spectra from an acidic spectrophotometric titration are

presented in Figure 6.3 and Figure 6.4.  The absorption spectra indicate a ground-state

equilibrium (pKa = 4.0±0.1) established between 1AC and 1AC-H+.  The absorption of

the protonated form 1AC-H+ is red-shifted with respect to the neutral form 1AC.  The
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emission spectra excited at the isobestic point (330 nm) also reveal the presence of at

least two species with one isoemissive point at ~540 nm.  At extremes in the pH range,

emission from only one species is apparent: at high pH = 2, 1AC-H+ emits with

λmax ~ 480 nm; and, at neutral pH = 6-8, 1AC emits with λmax ~ 400 nm.  Plots of the

total fluorescence intensities or normalized intensities at given wavelengths as a function

of pH (Figure 6.5) all suggest that the excited-state emission reflects the underlying

ground-state equilibrium (pKa ~ 4).

Time-resolved emission decays recorded at different wavelengths and pHs

support the identifications made in the steady-state spectra.  For excitation at the isobestic

point at 331 nm, the emission at 480 nm is characterized by one lifetime at high pH

(τ = 0.98 ns, 20 oC, pH <2.5), by one lifetime at neutral pH (τ = 2.5 ns, 20 oC, pH 5-8),

and by some combination of these two lifetimes at intermediate pH.  (See Table 6.2 for

representative lifetimes.)  Since the decays were fit well with constrained lifetimes, the

following model of non-interconverting species is used to explore the connection

between the normalized amplitudes and the populations of two species.

The time dependence of the fluorescence is given by

F(λ,t) = fA(λ) krad(A) A*(t) + fAH (λ) krad(AH) AH*(t) ( 6.1 )

where A*(t) and AH*(t) describe the time-dependence of the total normal 1AC and

protonated 1AC-H+ populations, fX(λ) describes the fraction of species X emitting at the

noted wavelength normalized such that ∫ fX(λ)dλ = 1, and krad(X) are the radiative rates

determined at the appropriate acidic and neutral ends of the titration.  The populations

A*(t) and AH*(t) are described by single exponential decays X*(t) = Xo
* exp(-t/τX) as
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noted earlier.  Necessary data for the model are obtained from the steady-state spectra

at appropriate pH levels: the quantum yield of protonated 1AC is ~1/10 that of the neutral

species in water; fA (400 nm) = 1.15 x 10-2, fAH (400 nm) = 3.62 x 10-4,

fA (480 nm) = 2.46 x 10-3, and fAH (480 nm) = 7.53 x 10-3.

The normalized amplitudes of the time-resolved emission

F(λ,t) = aA exp(-t/τA) + aAH exp(-t/τAH) ( 6.2 )

are identified with terms in Equation 6.1 and renormalized to yield the relative

populations of 1AC and 1AC-H+.  These values are summarized in Table 6.2.

The spectrophotometric titrations thus reveal ground-state equilibrium

(pKa = 4.0±0.1) and an equilibrium value in the excited-state that really reflects the

ground-state equilibrium (pKa ~ 4).  Little change occurs in the populations in the

excited-state because equilibrium is apparently not established during lifetime of the

excited-state of 1AC in water.  The Förster cycle may be used to estimate the pKa
*

corresponding to an excited-state equilibrium proton exchange.24

The Förster cycle method is based on the thermodynamic equivalence of all routes

leading from the ground-state acid (or base) to the thermally-equilibrated conjugate base

(or acid) in the lowest excited singlet state.  A Förster cycle is illustrated in Figure 6.6.

In the ground and excited states, equilibria may be written between the species 1AC and

1AC-H+ and between 1AC* and 1AC-H+*, respectively.  The electronic transition

energies (E1AC and E1AC-H+) between the ground and lowest excited states may be

estimated from steady-state absorption or emission spectra.  The entropies of protonation

in the ground and excited states are assumed to be identical so that the enthalpies may be
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expressed as free energies ∆G and ∆G*.  The change in energy between 1AC-H+ and

1AC* may then be expressed using two thermodynamically equivalent routes:

E1AC + ∆G* = E1AC-H+ + ∆G,  or ( 6.3 )

∆ pKa = pKa – pKa
* = (E1AC – E1AC-H+) / (2.303 R T)

pKa – pKa
* = [(NA h) / (2.303 R T)] (ν1AC – ν1AC-H+).

( 6.4 )

In the last expression, NA is Avogadro’s number, h is Planck’s constant, R is the

universal gas constant, T is the absolute temperature of the reaction, and ν is the

frequency of radiation involved in the transition from the ground to lowest excited state.

Using the mean of the long-wavelength absorption and the short-wavelength

emission to estimate the frequencies ν1AC = 27780 cm-1 and ν1AC-H+ = 25000 cm-1, we

estimate the difference in equilibrium constants to be pKa – pKa
* = 5.9.  The excited-state

equilibrium constant is thus estimated to be pKa
*  ~ -2.  This means that 1AC-H+ is a

stronger acid (and 1AC a correspondingly weaker base) in the excited state, so that the

concentration of 1AC in the excited state at neutral pH increases significantly compared

to 1AC-H+.  Table 6.2 indicates an additional rapid quenching process occurs in strongly

acidic solutions, but this effect vanishes by neutral pH levels where we wish to measure

the rate of excited-state tautomerization in water.25  Thus, 1AC is the only species

observed by these time-resolved fluorescence measurements at neutral pH.

The pH dependence of 1AC has been reported in earlier studies.  An early paper

simply noted that “the acidity of the pyrrole proton and the basicity of the aza-nitrogen

increase by 1.3 and 1.8 pK units respectively.”26  A later analysis applied the Förster

cycle to steady-state absorption and emission spectra to calculate significant changes in
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the equilibrium constants between the ground- and excited-states: for 1AC-H+/1AC,

pKa = 4.2 ± 0.2 and ∆pKa = +7.5 ± 0.5; for 1AC/1AC-, pKa = 14.3 ± 1.0 and

∆pKa = -10.8 ± 1.0.[27]  The latter equilibrium constants indicate that 1AC- is a stronger

base (and 1AC a correspondingly weaker acid) in the excited state, so that the

concentration of 1AC in the excited state at neutral pH again increases significantly

compared to 1AC-.

The ground-state equilibrium constant for 1AC-H+/1AC determined in this work

is in good agreement with the previously reported value.27  The observed ∆pKa compared

to the ∆pKa predicted by the Förster cycle suggests that the proton-exchange equilibria

between 1AC and 1AC-H+ and between 1AC and 1AC- are not established in the excited

state.  Since the primary focus of this pH study was to determine the species emitting at

neutral pH, careful investigations of the photochemical behavior of 1AC in regions of

extreme pH (which often involve additional quenching mechanisms) were not pursued.

We conclude that 1AC (as it reacts to form the tautomer) is the primary species observed

at neutral pH.

The pH dependence of 7AI is very similar to that of 1AC.  The ground state

equilibrium constants are 7AI-H+/7AI, pKa = 4.5 ± 0.1 and 7AI/7AI-, pKa = 12.1.[28,12,17]

Like 1AC, two sets of excited-state equilibrium constants have been proposed based on

two different analysis methods.  Förster cycle analysis predicts ∆pKa = +8.3 for the N1-H

proton in the excited-state.29  Direct steady-state and time-resolved emission titrations, on

the other hand, have indicated that the excited-state equilibrium constants change little
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from the ground-state values.4,11,12,17  It appears that excited-state equilibrium may not

be achieved for 7AI.

The charge redistribution in the excited-state that leads to shifts in acid and base

strengths is implicated as the driving force for the proton-transfer reactions.30  INDO/S

calculations suggest that the driving force is smaller for 1AC than for 7AI,27 which is

certainly consistent with the observed rates attributed to the excited-state

tautomerizations in water.  The discrepancy between the Förster cycle analysis and the

direct fluorescence measurements does suggest that equilibrium is not achieved during

the fluorescence lifetime.  The slow tautomerization rates deduced from the emission

lifetimes are also consistent with a small driving force for these reactions in water.

6.3 Proton-Transfer Reactions in Methanol / Water Mixtures

6.3.1 1AC in Methanol/Water Mixtures

The absence of a rise (deactivation) time in the tautomer emission of 1AC in

water is one distinguishing feature that could indicate that the reaction in water is

different than in the alcohols and diols.  Since few pure solvents are available with which

to bridge the gap in polarity between water and methanol, a series of mixtures of

methanol and water were used to explore the spectroscopy of 1AC in solvents of

intermediate polarity.
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The steady-state normal emission band red-shifts monotonically and the band

width broadens almost linearly with increasing water concentration (Table 6.3).31  The

time-resolved spectroscopy reveals that the normal emission may be fit with a single

lifetime32 and that the tautomer emission may be fit with dominant rise and decay

lifetimes, as summarized in Table 6.3.  As the water concentration increases, the rate

attributed to proton-transfer decreases monotonically, and the rate attributed to tautomer

deactivation (1/rise time) increases monotonically.  Indeed, the experiment is unable to

cleanly resolve a rise time in the tautomer emission of 1AC in water.

Chapter 3 reviewed a two-state kinetic model with rapid solvent exchange.  The

measured rates for 1AC in the methanol-water mixture clearly fall in the limit of rapid

solvent exchange for this model, as shown by the linear relationship in Figure 6.7 and the

single-exponential decays.  The continuous change in the observed decay time from pure

methanol to pure water is also an indication that reaction is occurring in water and that

the observed decay time is the reaction time.

6.3.2 Other Proton-Transfer Reactions in Methanol/Water Mixtures

Earlier studies of mixtures of water and methanol have employed proton

dissociation reactions of photoacids as probes of the structure of water.33-35  Naphthol-

type photoacids (R-OH) exhibit dissociation rates that increase with increasing

concentration of water, and cationic photoacids (RNH3
+) display dissociation rates that

increase in the water-rich region with addition of organic solvent prior to sharply

decreasing in the organic-rich region.33-35  The observed rate dependence for 1AC is
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unlike these photoacids, suggesting that the observed reaction is not one controlled by

a proton-transfer to solvent like the naphthol-type photoacids.

6.4 Photochemistry of 1AC in Bulk Amides

The excited-state proton-transfer reaction of 1AC has been studied extensively in

the alcohols, diols, and water.  These molecules serve as catalysts in promoting the

reaction.  In this section, the proton-transfer reaction of 1AC in bulk amides is

characterized for the first time (to our knowledge).  This family of solvents serves as

noncatalytic agents in the reaction, themselves undergoing change as the normal form of

1AC is transformed into the tautomer form.  The experiments described here complement

the study of the reaction in isolated complexes of 1AC with amides or lactams reported in

Chapter 4.

6.4.1 Steady-State and Time-Resolved Emission Spectroscopy

An excited-state reaction is observed for 1AC in the neat solvents formamide

(FA) and N-methylformamide (NMF), but no reaction is observed in the aprotic solvent

N,N-dimethylformamide (DMF).  This study in the bulk amides permits the effects of

extended solvent hydrogen-bonding on the proton-transfer reaction to be explored in a

different family of protic solvents.  Although the steady-state emission spectra of 1AC in

FA and NMF do not display prominent tautomer emission like those in bulk alcohols

(Figure 2.3), the emission quantum yields do reveal other nonradiative pathways for
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depopulating the excited normal form of 1AC as recorded in Table 2.3.  Time-

resolved emission spectra at 560 nm (the tautomer region) confirm the presence of an

excited-state reaction: the fluorescence decays consist of both a rise-time and a decay-

time.  Lifetime measurements of 1AC at room temperature are summarized in Table 2.3,

and representative time-resolved emission decays of 1AC in formamide are presented in

Figure 6.8.  The behavior of 1AC in these bulk solvents appears similar to that in diols

and water noted above.  The decay-time (equal for both the normal and tautomer) is

attributed to the proton-transfer reaction and the rise-time is identified with the

deactivation of the tautomer.  The radiative rates of the normal and tautomer species help

to substantiate this interpretation (see Table 2.3).  (Measurement of an isotope effect in

FA-d2 to confirm the proton-transfer character of the reaction has not yet been

successful.)  It is remarkable that the proton-transfer rate has significantly decreased in

these neat hydrogen-bonded liquids compared to the ultrafast rate observed in complexes

with lactams and several amides discussed in Chapter 4.  Although an ultrafast rate has

not been measured directly in 1AC complexes with alcohols because of weak association,

a similar rate decrease occurs in bulk alcohols as well.

The temperature dependence of the reaction has been measured over the range

0-60 oC and is presented in Figure 6.9 and Table 6.4 with comparison to the temperature

dependence of the viscosity.  The decay lifetimes attributed to the reaction show the

strongest dependence on temperature, and the following Arrhenius activation energies are

determined:  12.8 kJ/mol for the observed rate of 1AC in FA compared to 19.5 kJ/mol for

FA viscous flow; and 14.6 kJ/mol for 1AC in NMF compared to 14.2 kJ/mol for NMF
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viscous flow.36,37  The Arrhenius activation energies of the tautomer rise-lifetimes are

similar for both formamide (7.6 kJ/mol) and N-methylformamide (7.0 kJ/mol),

suggesting related physical mechanisms leading to the tautomer deactivation.  The

similarity between Eact and Eη for these solvents is analogous to the behavior of 7AI and

1AC in primary alcohols, diols, and water as summarized in Table 5.11.

6.5 Prompt Emission and the Irreversible Proton-Transfer Model

Since the excited-state tautomerization of 1AC is measurably fast in isolated

complexes with several lactams and amides, the bulk amides provide a system in which

to explore the possibility of prompt reaction.  The amides’ structure H-N-C=O has an

excellent geometry for forming 1:1 complexes with 1AC, and it is possible that such

1AC:amide molecular complexes are formed in the bulk amide solvents.  These

“isolated” complexes would react more quickly than 1AC in a solvent environment

having an extended hydrogen-bonding network.  In this section, a discussion of the extent

of reaction is discussed for amide solvents as well as for a number of the slower alcohol

and diol reactions.

In Section 3.3 a two-state kinetic model was described with which one may

estimate the fraction of the 1AC population that undergoes prompt fluorescence.  Using

Equation 3.13, we estimate that the fraction of the population of 1AC undergoing prompt

fluorescence while reacting in methanol, methanol-OD, ethylene glycol, formamide and

N-methylformamide is on the order of 5-10% for all these protic solvents.  No correction

for N* contamination was applied in this first estimate.
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A more careful estimate of the prompt emission fraction using Equations 3.14,

3.15, 3.16 and 3.17 follows.  For the determination of the constant c(λ), fN(λ) is estimated

from the steady-state emission spectra of 1AC in acetonitrile broadened by convolution

with a Gaussian function and shifted to match the FWHM of the normal emission band of

each protic solvent.  The function fT(λ) is estimated by a log-normal fit to the tautomer

emission in methanol obtained by subtracting fN(λ) from the measured line showing dual

fluorescence.  For this work, the ratio of radiative rates is assumed to be independent of

solvent and has a mean value equal to 9 ± 1 (Table 2.3).  These corrections for the

contamination of tautomer emission by normal species further reduce the calculated

fractions undergoing prompt fluorescence: NMF (2%), FA (2%), MeOH (4%),

MeOD (8%), and EG (7%).  Based on these values, we conclude that only a very small

amount of 1AC is incorporated into a cyclically hydrogen-bonded complex that allows

the reaction to occur promptly following the excitation of 1AC.  Thus nearly the entire

reaction of 1AC in these bulk protic solvents is observed in the time-resolved emission.

This experimental result is consistent with recent computer simulations that also reveal

the rarity of cyclical hydrogen-bonded complexes prepared for prompt reaction.38

6.6 Conclusion

Earlier studies indicated that the excited-state proton-transfer reaction of 1AC

occurs in diols and water but at a much slower rate than might be expected based on a

reaction rate correlation on the ET(30) solvent scale.  Here and in the previous chapter, it

has been argued that the reaction of 1AC in these solvents is not functionally different
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than the reaction in bulk alcohols.  In this chapter the following experimental

evidence has been cited to support the argument.  (1) An examination of the pH

dependence of the 1AC reaction in water confirms that it is the neutral species present in

the excited-state reaction near pH = 7.  (2) The dependence of rates observed in mixed

water-methanol systems indicates that a rapid solvent exchange model describes the

observed kinetics and that the reaction of 1AC in water is indeed slow.  (3) The

dependence of rates observed in mixed water-methanol systems also suggests that it is

unlikely that an ion pair like the naphthol-type photoacids is produced by the reaction.

A number of interesting papers have been published since this experimental work

on 1AC in water was concluded.  Chou and coworkers have fully resolved the excited-

state proton-transfer reaction of 3-cyano-7AI in water: the normal species decays in

900 ps and the tautomer species shows a 900 ps rise time and a 3.3 ns decay time.47  The

deactivation rate of the tautomer is significantly decreased compared to the reaction rate

in this 7AI analogue, and this allows the full reaction to be observed by time-resolved

fluorescence spectroscopy.  Thus Chapman and Maroncelli’s interpretation5 that the

reaction rate is much slower than the tautomer deactivation rate for 7AI in water is

affirmed.  Castleman and coworkers have observed proton-transfer in hydrated gas-phase

7AI (with 2-4 water molecules), but complete tautomerization remains to be resolved.46

This molecular-beam experiment and others 44,45 provide additional insight into the

molecular geometry required for excited-state double proton transfer.  Finally, theoretical

models are beginning to provide molecular-scale insight into the reaction of 7AI in

water.39-43  For example, Fernandez-Ramos et al. argue that in solution two water
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molecules participate in the reaction.41  Based on their level of theory, it cannot be

established with certainty whether this tautomerization is concerted or stepwise and

should be described by tunneling or classical transfer. The authors do suggest, however,

that their best estimate is a stepwise reaction with one-proton tunneling as the rate-

determining first step.41

The excited-state proton-transfer reaction of 1AC in the bulk amides formamide

and N-methylformamide has been characterized in this chapter as well.  In the future it is

recommended that the isotope effect be measured in these solvents cleaned of impurities.

The experimental data may also be compared to computer simulations of the reaction.

The study of the reaction of 1AC in bulk protic solvents is concluded with an

examination of kinetic isotope effects.  Does the reaction involve the concerted or

stepwise motion of protons?  Progress toward understanding the reaction mechanism is

documented in the next chapter.
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Table 6.1: Temperature Dependence of 1AC Lifetimes in Water and Deuterium Oxide

T (K) a1 a2 τ1
  (ns) τ2

  (ns)
1AC / H2O

Normal 283 1.00 2.86
(λem = 410 nm) 293 1.00 2.48

298 * 1.00 2.30
303 * 1.00 2.18
313 1.00 1.90
323 1.00 1.73

Tautomer 283 1.00 2.87
(λem = 555 nm) 293 1.00 2.49

298 1.00 2.35
303 * 1.00 2.20
313 0.97 0.03 1.89 4.16
323 1.00 0.00 1.74 12.00
298 0.83 0.17 2.42 0.63

1AC / D2O

Normal 283 * 1.00 9.05
(λem = 410 nm) 293 1.00 7.91

298 1.00 7.48
303 1.00 7.00
313 1.00 6.23
323 1.00 5.58
298 0.97 0.03 7.42 0.66
313 0.97 0.03 6.22 0.30

Tautomer 283 0.69 0.31 8.77 0.73
(λem = 555 nm) 293 0.92 0.08 7.89 0.82

298 * 0.76 0.24 7.28 0.67
303 * 0.95 0.05 6.98 0.68
313 0.93 0.07 6.25 0.81
323 1.00 5.56

An asterisk indicates the reported values are an average of at least two measurements.
Measurements for which biexponential lifetimes were observed may contain a small
amount of protonated 1AC.
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Table 6.2: pH Study of 1AC: Time-Resolved Emission

Free Fits Constrained Fits:
ττ1 fixed at 0.977 ns

Relative
Populations

pH a1 a2 a3 ττ1, ns ττ2, ns ττ3, ns a1 a2 ττ2 fit, ns [1AC-H+] [1AC]
400 nm

1.79 0.44 0.55 0.10 0.018 0.94 3.56 0.65 1.00 0.00
2.02 0.48 0.27 0.25 0.009 0.91 1.89 0.37 0.26 1.97 0.99 0.01
2.50 0.07 0.28 0.66 0.112 1.10 2.49 0.24 0.70 2.44 0.98 0.02
2.82 0.11 0.89 0.69 2.38 0.14 0.86 2.43 0.95 0.05
3.09 0.07 0.93 0.63 2.45 0.10 0.90 2.49 0.93 0.07
3.36 0.06 0.94 0.25 2.46 0.07 0.94 2.50 0.90 0.10
3.62 1.00 2.47 0.05 0.95 2.52 0.86 0.14
3.91 1.00 2.50
4.31 1.00 2.51
4.67 1.00 2.52
5.02 1.00 2.53
5.48 1.00 2.53
6.00 1.00 2.53

480 nm
1.79 1.00 0.98 1.00 1.00 0.00
2.02 1.00 0.99 1.00 1.00 0.00
2.50 0.94 0.06 0.96 2.03 0.96 0.04 2.33 0.97 0.03
2.82 0.91 0.09 0.96 2.25 0.93 0.07 2.51 0.95 0.05
3.09 0.84 0.16 0.94 2.25 0.88 0.12 2.53 0.91 0.09
3.36 0.77 0.23 0.95 2.38 0.80 0.20 2.51 0.84 0.16
3.62 0.67 0.33 0.94 2.43 0.70 0.30 2.53 0.76 0.24
3.91 0.51 0.49 0.89 2.43 0.56 0.44 2.56 0.63 0.37
4.31 0.28 0.72 0.80 2.45 0.34 0.66 2.55 0.40 0.60
4.67 0.12 0.88 0.70 2.47 0.16 0.85 2.53 0.20 0.80
5.02 0.06 0.94 0.66 2.49 0.09 0.92 2.53 0.11 0.89
5.48 1.00 2.51 0.04 0.96 2.55 0.06 0.94
6.00 1.00 2.52 1.00 0.00 1.00

MES buffer was added to the water in order to help stabilize the pH measurements.
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Table 6.3: Steady-State Emission Band Characterization and Observed Rates for 1AC in
Methanol-Water Mixtures

% MeOH
(by volume)

X (MeOH)  ν (low_½Max)
1000 cm-1

 <ν>
1000 cm-1

 Width = FWHM
1000 cm-1

100 1.00   23.82   ± 0.01   25.880 ± 0.001    4.12 ± 0.02
90 0.80   23.50   ± 0.03   25.674 ± 0.002    4.34 ± 0.05
70 0.51   22.99   ± 0.04   25.32   ± 0.04    4.67 ± 0.01
50 0.31   22.66   ± 0.06   25.04   ± 0.03    4.76 ± 0.05
30 0.16   22.00   ± 0.03   24.58   ± 0.04    5.15 ± 0.01
10 0.05   21.674 ± 0.001   24.23   ± 0.01    5.11 ± 0.02
0 0.00   21.459   24.035    5.15

% MeOH Normal Tautomer Tautomer 1+aT/aPT Prompt kobs kT

τ1, ns rise τ1, ns τ2, ns emission 109 s-1 109 s-1

100 0.52 0.29 0.54 0.06 0.06 1.92 3.50
90 0.59 0.27 0.64 0.13 0.08 1.69 3.70
70 0.87 0.24 0.87 0.23 0.08 1.15 4.21
50 1.16 0.19 1.16 0.42 0.07 0.86 5.41
30 1.61 0.11 1.59 0.67 0.05 0.62 9.35
10 2.09 0.02 2.01 0.49 0.01 0.48 46.5
0 2.34 2.48 1.00 0.00 0.43

Top Table: Steady-State Normal Emission Band Characterizations.  The frequency at the
low-frequency edge at the half-maximum, the average band frequency, and the band
width are summarized as a function of solvent composition.  The uncertainties indicate
the size of the difference between the two independent measurements averaged for the
reported value.

Bottom Table: Observed Rates.  Values are an average of two independent measurements
made on different days.  A third long lifetime with small amplitude required for fits to the
tautomer emission has been omitted from the table.  The value of 1+aT/aPT reflects the
relative sizes of the amplitudes for the tautomer rise (aT) and decay (aPT) times, and the
fraction of “prompt fluorescence” is calculated as described in the text without correction
for normal band contamination.
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Table 6.4: Temperature Dependence of 1AC Lifetimes in Bulk Amide Solvents

1AC / Formamide T (K) a1 a2 a3 τ1 (ns) τ2 (ns) τ3 (ns)

Normal 278.2 1.00 2.63
(λem=400nm) 288.2 1.00 2.18

298.2 1.00 1.82
308.2 1.00 1.52
323.2 1.00 1.24
338.2 1.00 0.98

Tautomer 278.2 -0.90 1.78 0.12 0.31 2.56 4.70
(λem=560 nm) 288.2 -1.17 2.06 0.11 0.26 2.14 4.50

298.2 -1.29 2.20 0.10 0.24 1.79 4.31
308.2 -1.49 2.41 0.08 0.22 1.51 4.25
323.2 -1.85 2.76 0.08 0.19 1.23 4.10
338.2 -2.11 3.03 0.08 0.17 1.00 3.90

1AC / NMF T (K) a1 a2 a3 τ1 (ns) τ2 (ns) τ3 (ns)

Normal 274.2 1.00 7.10
(λem=400nm) 283.2 1.00 5.70

293.2 1.00 4.81
298.2 1.00 4.42
303.2 1.00 3.99
313.7 1.00 3.22
323.2 1.00 2.74
333.2 1.00 2.25

Tautomer 274.2 1.61 -0.61 7.25 0.35
(λem=560 nm) 283.2 1.29 -0.75 0.46 5.40 0.38 7.95

293.2 1.80 -1.03 0.22 4.59 0.35 9.38
303.2 2.00 -1.10 0.10 4.03 0.30 10.30
313.7 2.19 -1.37 0.18 3.19 0.28 7.91
323.2 2.51 -1.69 0.19 2.68 0.26 7.54
333.2 2.58 -1.77 0.19 2.22 0.25 7.17

Emission was collected over a 14 ns time range for 1AC in Formamide and over a 27 ns
time range for 1AC in N-Methylformamide.
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Figure 6.1: Comparison of Steady-State Emission Spectra of 1AC in Methanol or
Methanol-OD and 1AC in Water or Deuterium Oxide

The (net) rate of tautomerization in water is much slower as revealed by the isotope
effects on the emission spectra.
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Figure 6.2: Temperature Dependence of 1AC Lifetimes in Water and Deuterium Oxide

Open triangles and squares represent normal (410 nm) and tautomer (555 nm) emission
data, respectively.
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Figure 6.3: Spectrophotometric pH Titration of 1AC in Water with the Buffer MES

The absorption spectra red-shift with increasing acid concentration.  The data cover the
range pH = 2 – 6.
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Figure 6.4: Spectrophotometric pH Titration of 1AC in Water with the Buffer MES

The emission spectra blue-shift with decreasing acid concentration.  The data cover the
range pH = 2 – 6.
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Figure 6.5: pH Study of 1AC

Plotted are three fluorescence measures for the spectrophotometric titration:  relative
emission intensity at 400 nm (open boxes), total relative quantum yield (solid boxes), and
amplitude of the lifetime attributed to protonated 1AC (0.98 ns) (open triangles).  The
solid triangles represent the relative population of protonated 1AC.  All emission
characteristics point to pKa ~ 4, the same as the ground-state.
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Figure 6.6: Schema of the Förster Cycle
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Figure 6.7: 1AC in Methanol-Water Mixtures: Time-Resolved Emission

The linear dependence of the observed on the composition of the solution indicates a
rapid solvent exchange kinetic model is appropriate.
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Figure 6.8: Fluorescence Spectroscopy of 1AC in Formamide at 293 K.

Top panel:  Steady-state emission reveals predominantly the normal species emission.
Bottom panels: Time-resolved emission decays were recorded in the normal (400 nm)
and tautomer (560 nm) spectral regions:

N*(t) / N(0) = (1.00)*exp(-t/1.92 ns).

T*(t) / T(0) = (-1.46)*exp(-t/265 ps) + (2.28)*exp(-t/1.88 ns) + (0.19)*exp(-t/3.4 ns)
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Solid symbols are the normal lifetimes, and the open symbols are the tautomer rise-
lifetimes.  The temperature dependence of the viscosity (scaled) is plotted for
comparison.  [Viscosity data is from: (a)  D. S. Viswanath and G. Natarajan, Data Book
on the Viscosity of Liquids.  (New York, Hemisphere Pub. Co., 1989).  (b) C. L. Yaws,
Handbook of Viscosity.  (Houston, Gulf. Pub. Co., 1995).]
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