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Chapter 5

STUDIES OF 1-AZACARBAZOLE IN BULK PROTIC SOLVENTS—-1. DIOLS

5.1 Introduction

The study of excited-state tautomerism of 1-azacarbazole (1AC) in isolated
hydrogen-bonded complexes has demonstrated that the proton-transfer is rapid [ Chapter
4]. Although it is generally assumed that some hydrogen-bonded complex is necessary
for promoting the excited-state tautomerization in bulk protic solvents, a molecular-level
description of the reaction mechanism and identification of arate-determining step
continue to be discussed for the bulk protic solvents.*®” Early work established that
protic solvents catalyze the tautomerization reactions,® and noted the remarkable
connection between the activation energy of the reaction and that of the bulk viscosity of
alcohols, a connection that was interpreted to mean that large-amplitude molecular
motion controls the reaction.>® At that time, neither the geometric structure®’ nor the

hydrogen-bonding strength®>’

of the alcohol solvents were deemed important for
controlling the reaction.

Kinetic models of this reaction advanced with the advent of time-resolved
measurements of sufficient resolution to monitor the entire reaction.*® Many of the early

experiments on 7-azaindole (7Al) in bulk alcohols indicated that solvent dynamics was
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one important factor in controlling the rate of the reaction.’*?*** Some workers also
noted that the proton-transfer rate was strongly correlated to the hydrogen-bonding
strength or acidity of the alcohol solvents.***® A dominant theme in the description of the
reaction was that the mechanism could be understood as a two-step process, 331629

The following examples illustrate the two-step models proposed for the
mechanism. Differences among the interpretations arise mainly from whether static or
dynamic aspects of the first step control the reaction. In the first direct measurement of
the excited-state proton-transfer rate of 7Al in alcohols, McMorrow and Aartsma™
proposed a model invoking two types of solvent configurations to explain two lifetimes
growing into the decay of 7Al tautomer fluorescence at 510 nm. A pre-formed,
cyclicaly hydrogen-bonded complex was proposed to enable instantaneous proton
transfer (20 psin methanol), while other configurations exhibited a slower response
(165 ps in methanol) as solvent-solute reorganization dynamics determined the rate of
attaining the cyclically hydrogen-bonded complex needed for the proton-transfer event.
Later measurements were unable to reproduce the amplitude of the rise time in the
tautomer fluorescence in alcohols attributed to thisintrinsic proton-transfer step.*62%333°
Even with subpicosecond resolution, the ultrafast component proposed by McMorrow
and Aartsma has not been observed.*%° Two years later, Varma and coworkers
explained the reaction as a two-step process in which atunneling proton transfer (for the
two protons) followed the formation of a cyclically hydrogen-bonded 7Al-a cohol

complex.®® This kinetic model satisfactorily accounted for their observations of a

temperature-independent Kinetic isotope effect and of rate dependence on the acidity of
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the al cohols rather than on viscosity or solvent aggregation.*®* Moog and Maroncelli*®
retained and modified the two-step model of McMorrow and Aartsma> in order to
explain an interesting™* temperature dependence of the kinetic isotope effect on the
reaction rate.

Study of the excited-state tautomerization of 7Al and 1AC has continued at a
fervent pace. The interpretation of the reaction mechanism has evolved and no longer
maintains that “solvation dynamics’ is relevant in the discussion.’***?° The issue of the
temperature dependence of the reactions of 7Al and 1AC in acohols was revisited by
Maroncelli et al.,****3* and the observed reaction rate is currently modeled by

Kobs = ket exp(-DG/KT) (51)
where kpr is the intrinsic proton-transfer rate in a proper configuration and DG is the
equilibrium solvation free energy needed to achieve that cyclic complex.'®** The essence
of thismodel is very similar to that originally proposed by Varma and coworkers one
decade earlier.®® Advocating a different physical picture, Petrich and coworkers recently
argued that the rate-determining step involves the actual proton-transfer rather than the
solvent reorganization required to form the necessary cyclic hydrogen-bonded complex.
The challenge faced by all models is the decomposition of the one observed rate into two
or more contributions from likely physical processes occurring in solution.

Linear correlations of the proton-transfer rates of 7Al and 1AC with some
measure of the hydrogen-bond donating ability of the neat protic solvents were
introduced in Chapter 3. These linear free-energy relationships are consistent with the

genera decomposition of the observed rate into some solvent independent intrinsic rate
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and arate factor depending on the solvent. Interesting deviations from the linear
relationships observed in bulk alcohols have been noted for highly polar and viscous
solvents such as diols, water, and amides.** Do these deviations suggest that the excited-
state of 7Al or 1AC is depopulated via alternative pathways? This question has been
explored at length for 7Al in water without convergence to a clear under-
standing.#*>!832% gince the photophysics and photochemistry of 1AC is similar to that
of 7Al, experimental studies on the excited-state tautomerism of 1AC in these bulk protic

solvents were undertaken in an attempt to understand the origin of these differences.

5.2 1AC in Diols

Noted in earlier studies of the excited-state tautomerism of 7Al and 1AC,*** the
measured reaction rates in diols and water appear to be anomalously slow when
compared to the rates of alcohols plotted on the E+(30) polarity scale (cf. Figure 3.2). If
the reaction rate is determined by some form of solvent dynamics, it might be expected to
be much slower in the very viscous diols. However, the reported rates do not correlate in
any simple way with bulk viscosities or alternative measures of solvation dynamics.>3*%*3
To develop a better understanding of these slow reaction rates, the temperature
dependence of excited-state tautomerization of LAC was examined in ethylene glycol,
ethylene glycol-D,, and propylene glycol over the range 1 °C - 70 °C. Experiments on

7Al in ethylene glycol were also repeated to provide a base of comparison with earlier

results.'®
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5.2.1 Temperature Dependence of 1AC Lifetimes

At temperatures above 40-50 °C, the time-resolved emission of 1AC in diols
indicates kinetics consistent with an irreversible proton-transfer model as described in
Chapter 3. A minor component to describe possible impurity fluorescence (<5%, t ~5 ns)
and a component to account for a dynamic Stokes shift (<100 ps) in the normal region are
added to thismodel. For example at 70 °C in ethylene glycol (EG), the 1AC normal
emission decays in 430 ps as the tautomer emission exhibits a decay (reaction) time of
420 ps and arise (tautomer deactivation) time of 250 ps. (Recall from Chapter 3 that the
rise time of the tautomer species does not necessarily correspond to the growth of the
product during the reaction. Instead, it isthe relative rates of the reaction and of the
tautomer deactivation that determine the correct interpretation of the tautomer rise time.)

At or below room temperature, however, the kinetics become more complicated.
For reference, at 20 °C in ethylene glycol (EG) the 1AC normal emission decaysin
1.01 ns as the tautomer emission exhibits a decay (reaction) time of 1.05 nsand arise
(tautomer deactivation) time of 320 ps. The complications become more apparent when
the lifetimes are plotted as a function of temperature. A plot of the tautomer rise
(deactivation) times does not increase steadily with decreasing temperature as might be
anticipated (Figure 5.1), afeature also present in the temperature dependence for
ethylene glycol-D, (Figure 5.2) and propylene glycol (Figure 5.3). Two aternative fits
of the tautomer emission are explored in order to assess the significance of these
observations. In thefirst aternative fit, the term to model possible impurity emission is

constrained to along nanosecond lifetime. This affects little change in the behavior of
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the tautomer rise (deactivation) time for 1AC. In the second alternative fit, the
tautomer rise (deactivation) times at high temperatures are extrapolated to lower
temperatures (asindicated in Figure 5.1, Figure 5.2 and Figure 5.3) and constrained with
the impurity term while fitting the emission decay. At lower temperatures, an additional
component is then needed to fit the tautomer rise, and the overall effect does lengthen the
tautomer rise (deactivation) times. Physical interpretation of the biexponential rise times
may lack warrant, however, since aweighted average value of the tautomer rise times
differslittle from that fit without constraints. (See Table 5.1, Table 5.2, Table 5.3, Table

5.6, Table 5.7, and Table 5.8 for summaries of the temperature studies of 1AC in ethylene

glycol.)

In retrospect, it is not clear that these alternative fits for 1AC in ethylene glycol
provide useful perspective on the reaction and especially the tautomer rise (deactivation)
times at low temperatures. The various lifetimes of multiexponentia fits to the emission
data may not necessarily have a unique physical interpretation. Nevertheless, good
estimates of the reaction and tautomer deactivation rates are needed for modeling the
reaction in general. The extraction of these parameters is complicated by the apparent
slowness of the reaction rate especially when compared to the normal deactivation rate k"
observed in aprotic solvents. This general consideration is discussed in the next section

before we present the best estimates for the reaction ratesin diols.
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5.2.2 Reaction Rate Determination with Possible kN Contamination

The irreversible proton-transfer kinetic scheme requires kix, >> k" in order to
interpret the observed rate kops as the reaction rate k. Because the 1AC observed rates
kops are close to the TAC normal deactivation rates k™, a correction may need to be
applied to the observed rates in order to account for this alternative pathway of
deactivation (k™) and to extract the true reaction rate. Although this correction is simply
Koo = Kobs - kN, the actual determination of k™ may be troublesome. Three possibilities
are explored to estimate the magnitude of k" and to assess the change between the
observed rate and the reaction rate.

(Method 1) One could assume that the deactivation rate k™ of the normal species
in protic solventsis equal to that in aprotic solvents, and the observed rates could be
corrected using the aprotic values of k™. For example at room temperature,
kN = (1.1+0.2) x 10° s* for the aprotic solvents (Table 2.3). When this correction is
applied to the protic solvents at room temperature (Table 2.3), many corrected reaction
rates are slower by ~10-20% of the observed rates, with notable exceptions including
methanol-OD (~ 30%) and N-methylformamide (~ 50%).

(Method 2) The reaction rate may be estimated directly from the expression
derived in Chapter 3,

Koo = (Krad™ / Keag') (G 71 ) K, ( 52)
and compared the observed rate to determine k™. For this comparison at room
temperature, the average value of ki / k' = 9 % 1 for six protic solventsis used in the

calculation of the reaction rates for all protic solvents since thisratio is assumed to be
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representative of all of them (Table 2.3: MeOH, 1-PrOH, 1-PeOH, 2-PrOH, BzOH,
and TFE). Although this approach predicts negative values of k™, within experimental
uncertainty the rates of many protic solvents are in agreement with k™ determined from
the aprotic solvents. Exceptions include methanol-OD, 1-pentanol, ethylene glycoal,
formamide and N-methylformamide. Many estimated reaction rates kx, are ightly
faster than the observed rates, but with the exception of t-butanol and ethylene glycol,
agree within experimental uncertainty.

The comparisons in Methods (1) and (2) are made using data recorded at room
temperature. The normal deactivation rate k" does depend on the temperature of the
experiment, so k™ must be estimated at each temperature at which the correction to the
observed rate is made. The tautomer deactivation rate k' also depends on temperature
and must be measured directly in each protic solvent. The concern over k" is especially
important in interpreting the isotope and low temperature studies. The correction of rates
at low temperatures is summarized elsewhere,™*** but the data of 1AC in ethylene glycol
is reexamined here with additional detail. The following third method of analysis
provides one means for estimating the temperature dependence of k™.

(Method 3) Thefollowing analysisis summarized in Table 5.6, Table 5.7, and
Table 5.8. Method (3) islike Method (2) except that the temperature dependence of the
quantum yield ratiosj ' /j ™ are determined directly from normalized emission spectra**
The total quantum yields for LAC in ethylene glycol at the temperaturesin this
experiment are estimated by scaling the relative quantum yields to the absolute quantum

yieldj =0.019 at 295+2 K from Table 2.3. The quantum yields for 1AC in ethylene



104
glycol-D, are estimated in a similar fashion. Although a quantum yield for 1AC in
ethylene glycol-D; is not available in Table 2.3, it is estimated from the quantum yield of
1AC in ethylene glycol by assuming that 1AC has the same normal radiative rate in the
deuterated solvent. Thus, for 1AC in ethylene glycol-D, the quantum yield is estimated
] =0.051 at 295+2 K (based on an isotope effect of 2.7 in the normal lifetime). The
radiative rates are determined from the quantum yield estimates and the fluorescent
lifetimes of the normal and tautomer species. In both these solvents, the normal radiative
rate is constant over the range 1-70 °C with keag" = 1.7 x 10" s* + 2%. The tautomer
radiative rates are dependent on the method of fitting the time-resolved emission as noted
above, and they are constant or slowly increasing with decreasing temperature (assuming
acomplete and irreversible reaction). Theratio ki / krag' IS reasonably constant over
the entire temperature range, although it is ailmost a factor of two smaller than the average
value for the six protic solvents chosen in Method (2). The estimates for k™ using the
“second alternate fit” are in best agreement with the aprotic rate k™ = 1.1 x 108 s*. With
K" / Keag' ~ 5, approximately one-half of the predicted values of k™ are negative (not
realistic), but the predicted reaction rates are within 20% of the observed rates. With
K" / keag' ~ 9, the predicted values of k" are al significantly negative (not redlistic), and
the predicted reaction rates are all significantly larger than the observed rates.

The results of Methods (2) and (3) suggest that the either the ratio krag" / Krad"
displays a modest solvent (e.g., polarity) dependence, or that extracting lifetimes with
accurate physical interpretation is difficult as the reaction ows. Without a means of

independently determining k" in protic solvents at the temperatures studied, and
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considering the observations noted above, the rates ki, and k' will be uncertain by at
least 10-20%. The best estimates for rates and isotope effects for the temperature studies
will include the quantum yield correction described in Method (3) using the ratio

Krad /krag' determined at high temperatures.

5.2.3 Temperature Dependence of 1AC Reaction Ratesin Diols

The best estimates of the reaction rates (based on the second alternative fit) are
summarized in Figure 5.5. Unlike the temperature dependence of 7Al in bulk alcohoals,
the estimated activation energy for the reaction is only ~60% of that for viscosity (Table
5.11). Theisotope effect appears to be largely independent of temperature. This
temperature-independent isotope effect is similar to that for the related tautomerization in

bulk alcohols except that its magnitude is slightly smaller (see Chapter 7).

5.2.4 Temperature Dependence of 7Al in Diols

The temperature dependence of the 7Al reaction in ethylene glycol and propylene
glycol issimilar to that observed for 1AC. At high temperatures the kinetics are
consistent with the irreversible proton-transfer scheme: the normal fluorescence of 7Al
decays with lifetime of ~170 ps as the tautomer emission appears with a 140 psrise
(reaction) time before decaying (deactivation) with alifetime of 450 ps. In diols, the
excited-state reaction for 7Al isthree times faster than for 1AC. Note that this example

for 7Al is consistent with the usual interpretation of the decay and rise components in the
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time-resolved fluorescence of a two-state reaction. The normal form of the molecule
disappears (emission decay) at the rate of the reaction while the tautomer form of the
molecule appears (emission rise) at the rate of the reaction before disappearing (emission
decay) at adifferent rate. Thisinterpretation standsin contrast to that for 1AC.

Below room temperature, the kinetics are again more complicated. The
aternative fitting models described for 1AC reactionsin diols did provide insight into the
interpretation of the excited-state lifetimes observed for 7Al in the viscous diols. The
most striking illustration involves the reaction in propylene glycol (Figure 5.4). The
tautomer rise (reaction) times do not increase monotonically with decreasing temperature
as might be expected. If the high temperature tautomer decay (deactivation) times are
extrapolated to lower temperatures and constrained (the second alternative fit model),
then the refit rise (reaction) times do increase monotonically. At low temperatures, the
rise (reaction) and decay (deactivation) times are then nearly equal. Since this mode fits
the data as well as the original fit, it suggests that quantitative measurements of the
interesting interplay between the reaction rate and tautomer deactivation rate are
obscured in the data. This near crossover in interpretation of the tautomer rise (reaction
to deactivation) and decay (deactivation to reaction) times is consistent with the model
for the reaction of 7Al in water, where the tautomer decay time was interpreted as the
measure of the reaction time.*®

Possible corrections to the time-resolved fluorescence of 7Al in ethylene glycol
were not as severe as those described for the reaction in propylene glycol. (See Table

5.1, Table 5.4, and Table 5.5 for summaries of fits.) Biexponential rise (reaction) times
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for 7Al in ethylene glycol were observed at low temperatures. An effort to fit these
data using a nonexponential model was unsuccessful.** The best estimates for the
reaction times using the second alternative fit with corrections based on relative quantum
yields are compared to the 1AC results (Figure 5.5). Like 1AC, the Arrhenius activation
energy of the 7Al reaction is ~60% of that for viscosity (Table 5.11), and the isotope

effect is largely independent of temperature, consistent with earlier reports.**

5.2.5 Comparison of 7Al Reaction Ratesin Diolsto Literature Values

Petrich and coworkers have reported lifetime measurements for the normal form
of 7Al in ethylene glycol and propylene glycol.® In this work emission was collected
over the entire normal band (320 - 460 nm) and was fit to a sum of two exponentials
F(t) = a, exp(-t/t1) + & exp(-t/t,). Their results are summarized, N(t) = & (t1) + & (t2): %

EG (20 °C) N(t) = 0.31 (0.141 ns) + 0.69 (0.461 ns)

PG (20 °C) N(t) = 0.31 (0.197 ns) + 0.69 (0.816 ns)
The shorter lifetime was interpreted as the reaction time, and the longer lifetime was
interpreted as emission from 7Al in a*“blocked” form of solvation. The time
dependencies of the normal bands measured by Petrich and coworkers are similar to
those recovered in the experiments reported in this dissertation. 1n order to compare the
results directly, a biexponentia fit is constructed from weighted averages of
corresponding terms in the multiexponential fit to the normal emission at 370 nm:

EG (20 °C) N(t) = 0.32 <0.084 ns> + 0.68 <0.43 ns>

PG (20 °C) N(t) = 0.55 <0.098 ns> + 0.45 <0.89 ns>
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We interpret these lifetimes differently than Petrich and coworkers:® the short timeis
attributed to a dynamic Stokes shift,** and the long (mean) time is attributed to the
reaction time.
Our measurements of the tautomer emission at 560 nm revea average rise times
that are faster than the (long) decay times of the normal emission:
EG (20°C) T(t) =- 841<0.32ns>+ 9.41<0.77 ns>
PG (20 °C) T(t) =-10.1 <0.62ns>+11.1 <0.95ns>
In the simple irreversible proton-transfer scheme for 7Al, the normal emission decay
(reaction) time should be equal to the measured tautomer rise (reaction) time. As noted
above, the reaction of 7Al in propylene glycol may be difficult to measure directly
because of ambiguity in the lifetimes obtained from the fits to the emission. The reaction
of 7Al in ethylene glycol may more closely approach an irreversible proton-transfer
scheme. If weighted average normal lifetimes are calculated from the data of Petrich and
coworkers,? their agreement with the mean reaction (rise) times measured in the
tautomer is good. It may be possible that our measurements are unable to separate
completely atime constant for the dynamic Stokes shift so that the averaged short
lifetime <t ;> includes some contribution from reacting 7Al. Itisunlikely that two or
more distinct populations involving these proton-transfer molecules should exist in
solution based on recent experiments and simulations which indicate the short-lived

nature of hydrogen-bonded complexesin protic solvents.***°
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5.3 Temperature Study of 1AC in Benzyl Alcohol

Since the observed rates of 1AC are anomalously fast in benzyl alcohol on the
basis of the E(30) correlation, a brief study of the temperature dependence of the
reaction was undertaken to estimate the Arrhenius activation energy. The data are
summarized in Figure 5.6 and Table 5.9. The observed lifetimes of the normal and
tautomer species are difficult to interpret uniquely at room temperature. At temperatures
above 45 °C, the lifetime of the normal species matches the rise time of the tautomer
species suggesting that the rise time is the reaction time. Thisislike the “usual”
interpretation for a two-state reaction as observed for 7Al in most protic solvents. At
temperatures below 15 °C, non-exponential behavior is observed, and the lifetime of the
normal species approaches the decay time of the tautomer species. Thisislike the
interpretation for a two-state reaction as observed for 1AC in most of the protic solvents.
This crossover in interpretation is similar to the observed kinetics for 7Al in propylene
glycol and water, in which the decay time rather than the rise time of the tautomer’s
emission is taken as a measure of the reaction rate.  The Arrhenius activation energy of
the reaction is only 50-60% of that for viscous flow™ determined over the temperature
range 25 °C - 65 °C. The best estimate for the reaction time of 1AC in benzyl alcohol at

room temperature is 0.29+0.02 ns.
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5.4 Interpretation of the Anomalous L ow Temperature Behavior

The more complicated kinetics (i.e., kinetics not conforming to a simple two-state
model) observed at low temperatures in the diols has also been noted in other solvent
systems. For 7Al in 1-propanol and 1-butanol, like 7Al in propylene glycol, the tautomer
rise (reaction) times do not increase monotonically with decreasing temperature but
instead exhibit a turnover in the region 200-230 K.** For 1AC in methanol, the tautomer
rise (deactivation) times approach a constant value in the region below 200 K, and for
1AC in 1-propanol the tautomer rise (deactivation) times are nearly constant over the
range 200-300 K (with much more scatter in the IAC/PrOD results).*® For 1AC in
benzyl alcohol and in N-methylformamide (Chapter 6), ssimilar behavior is observed near
0°C.

In an effort to identify possible underlying molecular phenomena leading to these
observations, we examined several ssimple expressions related to models for trandational
and rotational molecular motion. Random molecular motion may transport matter from
one part of a system to another by the process named diffusion. The Stokes-Einstein law
is a hydrodynamic theory that models the diffusion constant D of a spherical molecule
with radiusr in a (continuous) solvent medium with viscosity h:*°

KT
ephr

( 53)

Theratio h / T was examined for each of the solvents noted above over the range of
experimental temperatures to look for a common value that might be suggestive of the

influence of (random) molecular motions controlling the reaction. The time scale of



111
molecular rotations may aso be estimated from hydrodynamic theory. The rotational
times of 1AC and 7Al in these solvents are calculated using

tio? = CopsfVph / kg T, ( 54 )

where the constants Cyys and f are estimated from a recent study*®, and the volume of the
solute V, and the viscosity h are determined using published algorithms.*"*°

Table 5.10 summarizes temperature-normalized solvent viscosities and the
estimated rotation times and their dependence on temperature and solvent for 1AC and
7Al. The shaded regions of Table 5.10 indicate regions in which the observed kinetics
begin to show deviations from the simple irreversible proton-transfer scheme. In the
viscosity data, the deviations for 1AC begin to appear at an effective (room temperature)
viscosity of approximately 2.5 cP in methanol, 1-propanol and N-methylformamide. The
deviations for 7Al begin to appear at an effective (room temperature) viscosity of
approximately 14 cP in ethylene glycol and 1-propanol. It isinteresting to note that the
effective diffusion constant based on the effective viscosity for 1AC is nearly five times
greater than that for 7Al, perhaps corresponding to the reaction times for which 1AC is
about five times greater than 7Al. (The estimates of the effective diffusion constants
require the approximate radii of 1AC and 7Al which are estimated in Chapter 2 to be
3.3A and 2.9 A, respectively.)

In the molecular rotation time data, the estimated rotation times of 7Al and 1AC
in the different protic solvents are 100-200 ps and ~50-200 ps at the onset of deviations,
respectively. Even though these times are inexact and may require rescaling, these times

are suggestive of aregime in which molecular motion does influence the reaction or the
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deactivation of the tautomer species. This molecular motion may involve interactions
between the proton-transfer molecule and the protic solvent molecules or just among the
protic solvent molecules.® Since the ratios of reaction times to rotation times are not
obviously constant at the onset of deviations[e.g., txn/ trot ~ 40 (LAC in 1-PrOH), 10
(7Al in 1-PrOH), 5 (1AC in EG), and 3 (7Al in EG)], the limiting molecular interactions

may be occurring among the solvent molecules.

The correlation of rotation times with the onset of the low temperature anomalous
behavior prompted a more careful examination of the time-scales of possible molecular
dynamics. The temperature dependence of the dielectric relaxation of the primary
acohols and ethylene glycol providesinsight in this matter.>> The primary alcohols such
as 1-propanol exhibit three dielectric relaxation times, and the dielectric dispersion data
of ethylene glycol may be decomposed into two times.®® The relaxation times are
ordered t1 (~50+ ps) > t, (~20-40 ps) > t 3 (~2 ps), with t; making the dominant
contribution to the total dispersion.>® Following the interpretation of Garg and Smyth,
the first relaxation time is attributed to rotation of alcohol moleculesin clusters, the
second time is attributed to rotation of free alcohol monomers, and the shortest timeis
attributed to rotation of the -OH group.®® Berg and coworkers have demonstrated that the
dielectric relaxation (t1 or tp) is proportional to the dynamics of hydrogen-bond
formation,*™ an important step prior to the breaking of covalent bondsin the proton-
transfer reaction. Berg and coworkers note that the lifetime of a hydrogen bond is not
simply the time required to break a hydrogen bond, but the time involved in the

equilibration of the solvent about the newly broken or formed hydrogen bond.*
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In earlier studies on 7Al, no good correlations were reported between the

longitudinal relaxation times (t, or other measures of solvation dynamics) and the
reaction times (t n).® However, an interesting correlation exists for many solvents
between the dielectric relaxation timest ; and the reaction timest . (The dielectric
relaxation timest; used here are summarized in Table 5.12.) The correlations for 1AC in
methanol, ethylene glycol, a portion of 1-propanol, and formamide and the correlations
for 7Al in methanol and ethylene glycol areillustrated in Figure 5.7. Similar correlations
have been observed for 1AC in 1-propanol, water, and N-methylformamide and for 7Al
in 1-propanol and 1-butanol. For each of these solvents, the reaction time and relaxation
time show a direct relationship over the range of temperatures studied. The correlation
plots of the observed reaction rates and the dielectric relaxation times for 1AC and 7Al in
methanol/methanol-OD and ethylene glycol/ethylene glycol-D, (Figure 5.8) remind us
that other factors are important in modeling the reaction. In this example (Figure 5.8),
the isotope effects attributed to the intrinsic proton-transfer step cause the offsets of the

correlation curves.

The plotsin Figure 5.7 and Figure 5.8 are interpreted to indicate that the reactions
of 7Al or 1AC in methanol and ethylene glycol are quite ssimilar based on the overlap of
the correlations. This agreement may not be surprising since the structure of ethylene
glycol islike two bonded methanol units. On the other hand, the lack of correlation
among the very different solvents emphasi zes the involvement of additional factorsin

determining the reaction rates. The observed reaction timet ., is currently modeled as
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the product of an intrinsic proton-transfer timet pr and a solvent factor here denoted
by the variable S

trxn:tPTS. ( 55 )

The solvent factor Swill be interpreted liberally to include contributions from effects

such as the solvent polarity Syiaity and the dynamics of hydrogen-bond formation Si-pond:

trxn = tPT SH-bond Spolarity- ( 56 )

Above we noted that the dielectric relaxation t ; is proportional to the dynamics of
hydrogen-bond formation,* Si-bond = t1 Si-pond’» Whose substitution into equation (5.6)
yields the expression:

tixn = t1tpr Sibond Spolarity- ( 57)

If the intrinsic proton transfer time and solvent factors Si.pond’ Spolaity @re the same or very
similar for agroup of solvents, then the reaction times for all such solvents should be
directly related to the dynamics of hydrogen-bond formation. This may be the case for
the reaction of 7Al in methanol and ethylene glycol and for the reaction of 1ACin
methanol and ethylene glycol. On the other hand, if afactor such as the intrinsic proton
transfer time differs, then the plots of the reaction times will be offset when plotted as a
function of the dielectric relaxation times. This explains why the correlations for 7Al and
1AC in methanol and ethylene glycol do not overlap (different t pr arising from different
molecules), why the correlations for 7Al and 1AC in protiated and deuterated solvent
pairs do not overlap (different t pr arising from isotope effects), and why the correlations

for 1AC in the various solvents may not overlap (different S).



115

To view the correlation between the reaction time and the dielectric relaxation
time in adlightly different format, Figure 5.9 illustrates theratio t1 / t xn plotted on the
Er(30) solvent polarity scale. This plot represents the reaction rate normalized by a
measure of the cooperative hydrogen-bond dynamics as a function of solvent polarity.
These normalized reaction times for the alcohols, ethylene glycol and water show an
exponential dependence on this measure of polarity, consistent with the mathematical
form of Equation (5.1). Furthermore, the points for ethylene glycol and water now lie
along the same linear correlation for the primary acohols with the E+(30) scale. (The

reaction in water is also discussed in more detail in Chapter 6.)

Because the E1(30) polarity scale is a measure of hydrogen-bond strength based
on the absorption of betaine dyes,> this scale is insensitive to the dynamics of hydrogen
bonds. Of course, the dynamics of hydrogen bonds ultimately depend on potential
barriers (a static property). It appears that the E+(30) scale does not probe such
energetics well. When the effects of the hydrogen bond dynamics are removed from the
reaction rates, then we observe the corrected rates direct dependence on solvent polarity

and hydrogen-bond strengths.

5.5 Conclusion

The original question driving this study of the reaction of 1AC in the diols was
based on the interesting deviations of these reaction rates from the linear relationships

observed for bulk alcohols plotted on the Er(30) scale. Do these deviations suggest that
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the excited-state of 7Al or 1AC is depopulated via alternative pathways? Based on
the correlation of the reaction times with the dielectric relaxation times, we conclude that
the proton-transfer reaction in ethylene glycol is not intrinsically different than that
observed in methanol. Rather, it issimply in a different regime determined by the
dynamics of cooperative hydrogen-bond formation. Future study of the excited-state
reaction of 7Al or 1AC in the alcohol / diol solvent pairs such as ethanol / 1,3-butanediol
or ethanol / 1,4-butanediol may further support this hypothesis.

In the preceding analyses, good correlations were observed between the
anomalous kinetics at lower temperatures and estimated rotation times, and between the
reaction and (Debye) dielectric relaxation times, both of which are related to viscosity.
And noted in Table 5.11, the Arrhenius activation energies for the reactions, the dielectric
relaxation (t1), and viscosity are often similar in magnitude. As viscosity isaso one
measure of the solvent “friction” along the reaction coordinate,* future understanding of
this concept may be able to untangle the physical mechanisms leading to these interesting
correlations for the proton-transfer reactions. Until then, the data indicate that (dynamic)
solvent effects related to the equilibration of broken or formed hydrogen bonds partially
control the rate of the excited-state tautomerizations of 7Al and 1AC.

The present results do indicate that “solvation dynamics’ or more specifically
cooperative hydrogen-bonding dynamics is a significant part of the problem in the case of
the proton-transfer reaction of 7Al or 1AC in ethylene glycol. When the observed rates
are normalized by a measure of hydrogen-bond lifetimes,* the reactions of 7Al or 1AC

in methanol and ethylene glycol may be compared on nearly equal footing. In



117
demonstrating that the 1AC reactionsin the diols and water are not necessarily
anomalous when plotted on the E+(30) solvent scale, however, afew new “anomalous’
solvents were uncovered: 2-propanol, t-butanol, and glycerol. Interestingly, these
secondary and tertiary alcohols also did not quite fit the model in the computer
simulations by Mente and Maroncelli.® Future work should address the reaction of 1AC
and 7Al in these solvents.

The enthalpy changes measured experimentally refer to the differences in energy
between a hydrogen-bonded state and a nonbonded state involving an incompletely
solvated solvent molecule* These enthalpy changes are consistent with the
interpretation that the reaction activation energy for 7Al (and 1AC) is the enthalpy
change in forming the cyclically hydrogen-bonded complex necessary for reaction.™
Such an interpretation provides an alternate picture for the large-amplitude solvent
motion advocated earlier for controlling the excited-state proton-transfer rate, an
interpretation based on the similarities between the Arrhenius activation energies for

reaction and the temperature dependence of viscosity.>*'%*
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Table 5.1: Temperature Dependence of the Normal Emission of 7Al and 1AC in Ethylene
Glycol

7AI/EG Normal

Temperature (K) <a;> <ap> <t;> ns <t,> ns
275 0.21 0.79 0.072 0.68
283 0.28 0.72 0.065 0.59
294 0.32 0.68 0.084 0.43
303 0.30 0.70 0.055 0.32
314 0.27 0.73 0.044 0.26
323 0.25 0.76 0.042 0.21
333 0.24 0.77 0.037 0.18
343 0.20 0.80 0.048 0.17
7Al/ EG-D, Normal

Temperature (K) <t,> ns IE
275 1.35 2.0
283 1.08 1.8
294 0.79 1.8
303 0.69 2.2
314 0.57 2.2
324 0.51 24
334 0.43 24
344 0.39 2.3

1AC/EG Normal

Temperature (K) <a;> <ap> <t;> ns <t,> ns
274 0.27 0.73 0.09 1.75
283 0.53 0.47 0.03 1.37
293 0.24 0.76 0.06 1.01
303 0.45 0.55 0.06 0.82
314 0.35 0.65 0.03 0.66
323 0.34 0.66 0.02 0.55
333 0.43 0.58 0.02 0.49
344 0.40 0.60 0.02 0.43
1AC/EG-D, Normal

Temperature (K) <a;> <ap> <t;> ns <t> ns IE
275 0.37 0.64 0.1 4.6 2.6
283 0.33 0.68 0.09 3.6 2.6
293 0.29 0.72 0.06 2.8 2.7
303 0.32 0.68 0.03 2.37 2.9
314 0.38 0.62 0.02 1.99 3.0
323 0.46 0.54 0.01 1.75 3.2
334 0.45 0.55 0.02 1.59 3.3
344 0.51 0.49 0.008 1.51 3.6

Average lifetimes from multiexponential fits are presented as the best measurements of
the observed rate. The slow times <t ,> were separated from the more rapid times <t ;>
attributed to the dynamic Stokes shift. The kinetic isotope effect is defined as

IE = <ty(D)>/ <ty(H)>.



Table 5.2: Temperature Dependence of Tautomer Emission of 1AC in Ethylene Glycol

1AC/EG Origina Fit Tautomer
T(K) a a ag t; ns t, ns ts ns ty Ns
274 -1.94 2.58 0.36 0.31 1.66 3.60
283 -2.71 3.71 0.30 1.42
293 -3.10 4.10 0.31 1.07
303 -5.99 6.99 0.31 0.83
314 -7.01 8.01 0.29 0.66
323 -9.64 10.64 0.28 0.56
333 -9.55 10.55 0.26 0.49
344 -11.29 12.29 0.24 0.42

1AC/EG Alt. Fit #1 Tautomer
T (K) a a as ! ty ns t, ns tz ns ts NS <I(570)> <a(570)> ton NS
274 -1.88 2.77 0.12 0.31 1.76 6 0.032 5.48 1.43
283 -2.68 3.66 0.03 0.30 1.40 6 0.041 5.28 1.10
293 -3.16 412 0.04 0.32 1.05 5 0.049 6.34 0.98
303 -6.03 7.02 0.01 0.31 0.83 5 0.056 6.71 0.82
314 -7.27 8.26 0.01 0.30 0.65 5 0.065 7.12 0.69
323 -9.57 10.56 0.01 0.28 0.55 5 0.069 7.47 0.61
333 -9.83 10.82 0.01 0.26 0.48 5 0.071 7.66 0.55
344 -11.64 12.62 0.01 0.25 0.42 5 0.076 7.76 0.48

<6.73>

1AC/EG Alt. Fit #2 Tautomer
T (K) a a as ! ty ns t, ns tz ns ts NS <I(570)> <a(570)> ton NS <trse> NS <tpn> NS
274 -0.83 -1.19 2.89 0.13 0.44 0.26 1.72 6 0.032 7.92 1.83 0.33 1.39
283 -1.73 -1.24 3.94 0.04 0.40 0.22 1.37 6 0.041 7.12 1.32 0.32 1.05
293 -6.87 3.84 3.99 0.04 0.36 0.40 1.05 5 0.049 7.05 1.00
303 -5.94 6.93 0.01 0.33 0.83 5 0.056 7.19 0.80
314 -7.27 8.26 0.01 0.30 0.65 5 0.065 7.12 0.62
323 -9.57 10.56 0.01 0.28 0.55 5 0.069 7.47 0.55
333 -9.83 10.82 0.01 0.26 0.48 5 0.071 7.66 0.50
344 -11.64 12.62 0.01 0.25 0.42 5 0.076 7.76 0.43

<7.41>

Underlined lifetimes indicate values constrained in the fit to the emission data. <I(570)> is the average value of the fluorescence intensity at 570 nm for the
spectrum normalized to the peak intensity in the normal region. <a(570)> isthe calculated ratio of normal to tautomer radiative rates. ty, isthe calculated

reaction time based on the irreversible proton-transfer scheme.




Table 5.3: Temperature Dependence of Tautomer Emission of 1AC in Ethylene Glycol-D,

1AC/EG-D, Origina Fit Tautomer
T(K) a ag t; ns ts ns
274 -1.57 2.57 0.46 4.97
283 -2.87 3.87 0.47 3.78
293 -0.21 1.21 0.42 3.51
303 -3.69 4.69 0.42 251
314 -4.11 5.11 0.40 2.06
324 -4.41 541 0.37 1.80
334 -4.73 5.73 0.34 1.62
345 -4.47 5.47 0.31 1.48

1AC/ EG-D, Alt. Fit #1 Tautomer
T (K) a a as ! ty ns t, ns tz ns ts NS <I(570)> <a(570)> ton NS
274 -1.68 1.86 0.82 0.55 3.21 10 0.021 8.16 4.32
283 -2.93 3.38 0.55 0.49 3.30 8 0.025 5.97 3.26
293 -1.66 2.27 0.39 1.08 1.58 8 0.029 23.40 6.10
303 -3.75 4.55 0.19 0.45 2.30 8 0.033 5.87 2.23
314 -4.15 5.02 0.13 0.41 1.96 8 0.036 5.85 1.90
324 -4.45 5.37 0.08 0.38 1.75 7 0.036 5.96 1.72
334 -4.59 5.54 0.06 0.34 1.59 7 0.035 6.25 1.64
345 -4.40 5.35 0.04 0.32 1.46 7 0.034 6.30 1.52

<6.05>

1AC/ EG-D, Alt. Fit #2 Tautomer
T (K) a a as ! ty ns t, ns tz ns ts NS <I(570)> <a(570)> ton NS <trse> NS <tpn> NS
274 -1.72 -0.23 1.98 0.97 0.64 0.20 2.83 10 0.021 10.86 431 0.59 3.94
283 -3.93 -0.61 441 1.13 0.57 0.09 2.87 8 0.025 8.02 3.22 0.51 2.86
293 -0.40 0.25 0.88 0.26 0.51 0.06 2.29 8 0.029 7.61 2.45
303 -3.74 451 0.23 0.46 2.25 8 0.033 6.17 1.95
314 -4.15 5.02 0.13 0.41 1.96 8 0.036 5.85 1.61
324 -4.45 5.37 0.08 0.38 1.75 7 0.036 5.96 1.46
334 -4.59 5.54 0.06 0.34 1.59 7 0.035 6.25 1.39
345 -4.40 5.35 0.04 0.32 1.46 7 0.034 6.30 1.29

<7.13>

Underlined lifetimes indicate values constrained in the fit to the emission data. <I(570)> is the average value of the fluorescence intensity at 570 nm for the
spectrum normalized to the peak intensity in the normal region. <a(570)> isthe calculated ratio of normal to tautomer radiative rates. ty, isthe calculated
reaction time based on the irreversible proton-transfer scheme.




Table 5.4: Temperature Dependence of Tautomer Emission of 7Al in Ethylene Glycol

7Al | EG Origina Fit Tautomer
T (K) a Q a3 X t1 ns t, ns tz ns ts ns <tise> NS
275 -5.29 -0.74 7.03 0.58 0.11 1.06 0.52
283 -8.01 -0.89 9.90 0.48 0.08 0.87 0.44
294 -7.71 -0.60 9.32 0.35 0.04 0.76 0.32
303 -5.28 6.28 0.26 0.69
314 -6.18 7.18 0.21 0.61
323 -6.16 7.16 0.18 0.56
333 -7.13 7.97 0.16 0.18 0.46 1.65
343 -6.18 7.07 0.11 0.16 0.43 2.04
7Al | EG Alt. Fit #1 Tautomer
T (K) ap a, az ay ty ns t, ns ts ns ty ns <I(570)> <a(570)> tn NS
275 -3.38 4.33 0.04 0.45 1.12 6 0.098 25.59 0.86
283 -4.99 5.95 0.04 0.41 0.89 6 0.131 16.66 0.52
294 -5.99 6.93 0.06 0.35 0.73 5 0.156 13.59 0.36
303 -5.86 6.80 0.06 0.27 0.66 5 0.192 12.51 0.26
314 -6.81 7.75 0.06 0.22 0.59 5 0.210 12.92 0.21
323 -7.30 8.23 0.06 0.19 0.54 5 0.227 12.73 0.18
333 -7.37 8.30 0.07 0.16 0.50 5 0.253 12.11 0.15
343 -6.38 7.31 0.06 0.14 0.45 5 0.262 12.03 0.13
<13.2>
7Al | EG Alt. Fit #2 Tautomer
T (K) a a as ! ty ns t, ns tz ns ts NS <I(570)> <a(570)> ton NS <trise> NS
275 -0.98 -10.84 12.73 0.09 0.10 0.67 0.94 6 0.098 14.20 0.74 0.62
283 -1.09 -10.45 12.46 0.08 0.07 0.49 0.84 6 0.131 13.07 0.50 0.45
294 -1.82 -15.68 18.37 0.13 0.03 0.35 0.74 5 0.156 13.38 0.37 0.32
303 -5.78 6.72 0.06 0.27 0.67 5 0.192 12.93 0.27
314 -6.81 7.75 0.06 0.22 0.59 5 0.210 12.92 0.22
323 -7.30 8.23 0.06 0.19 0.54 5 0.227 12.73 0.18
333 -7.37 8.30 0.07 0.16 0.50 5 0.253 12.11 0.15
343 -6.38 7.31 0.06 0.14 0.45 5 0.262 12.03 0.13
<12.9>

Underlined lifetimes indicate values constrained in the fit to the emission data. <I(570)> is the average value of the fluorescence intensity at 570 nm for the
spectrum normalized to the peak intensity in the normal region. <a(570)> isthe calculated ratio of normal to tautomer radiative rates. ty, isthe calculated
reaction time based on the irreversible proton-transfer scheme.



Table 5.5: Temperature Dependence of Tautomer Emission of 7Al in Ethylene Glycol-D-

7Al | EG-D, Origina Fit Tautomer
T(K) a ag t, ns ts ns
275 -3.69 4.69 0.65 2.09
283 -5.95 6.95 0.65 1.53
294 -7.97 8.97 0.62 1.17
303 -11.09 12.09 0.55 0.96
314 -12.31 13.31 0.46 0.83
324 -11.50 12.50 0.38 0.77
334 -11.30 12.30 0.34 0.70
344 -11.65 12.65 0.30 0.64

7Al | EG-D, Alt. Fit #1 Tautomer
T (K) ap a, az ay ty ns t ns ts ns ty ns <I(570)> <a(570)> trn NS
275 -3.74 4.72 0.02 0.66 2.06 7 0.070 45.0 2.16
283 -7.78 8.62 0.16 0.72 1.35 7 0.083 22.6 1.19
294 -14.13 14.94 0.20 0.71 1.00 7 0.097 14.4 0.75
303 -18.69 19.53 0.16 0.62 0.85 7 0.109 12.5 0.57
314 -18.96 19.82 0.14 0.52 0.74 7 0.115 12.5 0.47
324 -13.52 14.41 0.12 0.43 0.70 7 0.122 13.5 0.42
334 -14.63 15.52 0.11 0.38 0.64 7 0.118 14.4 0.40
344 -14.38 15.28 0.10 0.33 0.59 7 0.121 14.8 0.35

<13.7>

7Al | EG-D, Alt. Fit #2 Tautomer
T (K) ap a, az ay ty ns t ns ts3 ns ty ns <I(570)> <a(570)> trn NS
275 -0.84 24.73 -23.14 0.25 0.26 1.40 1.18 7 0.070 17.0 1.42
283 -33.59 34.37 0.22 0.93 1.07 7 0.083 13.9 0.92
294 -20.93 21.73 0.20 0.75 0.95 7 0.097 12.9 0.69
303 -17.55 18.39 0.16 0.62 0.86 7 0.109 12.8 0.56
314 -16.05 16.91 0.14 0.49 0.77 7 0.115 13.5 0.47
324 -13.52 14.41 0.12 0.43 0.70 7 0.122 13.5 0.41
334 -14.63 15.52 0.11 0.38 0.64 7 0.118 14.4 0.38
344 -14.38 15.28 0.10 0.33 0.59 7 0.121 14.8 0.34

<14.1>

Underlined lifetimes indicate values constrained in the fit to the emission data. <I(570)> is the average value of the fluorescence intensity at 570 nm for the
spectrum normalized to the peak intensity in the normal region. <a(570)> isthe calculated ratio of normal to tautomer radiative rates. ty, isthe calculated
reaction time based on the irreversible proton-transfer scheme.



Table 5.6: Estimated Temperature Dependence of Quantum Yields and Radiative

Rates for Normal 1AC in Ethylene Glycol and Ethylene Glycol- D,

1AC | EG j (total)| j (T) |j (N) |t (N) ns| Kraa(N)
Temperature (°C) 10" s
1 0.033 | 0.0014 {0.031| 1.75 1.79

10 0.025 |0.0013|0.023 | 1.37 1.71

20 0.019 |0.0013|0.018 | 1.05 1.69

30 0.015 | 0.0012 | 0.014 | 0.82 1.68

40 0.012 | 0.0010|0.011| 0.66 1.70

50 0.010 | 0.0009 | 0.009 | 0.55 1.73

60 0.009 | 0.0008 |0.008 | 0.49 1.70

71 0.008 | 0.0008 | 0.007 | 0.43 1.70
mean: 1.71 + 2%

1AC/EG-D, |j (total)| j (T) |j (N) [t (N) ns| Kraa(N)
Temperature (°C) 10’ s
1 0.078 | 0.0026 | 0.076 | 4.6 1.65

10 0.064 | 0.0022 | 0.062 3.6 1.71

20 0.051 | 0.0020 | 0.049 2.8 1.76

30 0.043 | 0.0019 | 0.041 | 2.37 1.75

40 0.036 |0.0016 | 0.035| 1.99 1.75

50 0.032 | 0.0014 {0.031| 1.75 1.77

60 0.030 | 0.0015|0.028 | 1.59 1.77

71 0.027 |0.0013|0.026| 1.51 1.69
mean: 1.73+ 2%
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The total quantum yields were estimated by scaling relative quantum yieldstoj =0.019
at 20°C for IAC/EGandj =0.051 at 20 °C for 1AC/ EG-D, (Table 2.3). The extent
of the tautomer emission band was estimated using a tautomer lineshape obtained from

1AC in benzyl acohal.



Table 5.7: Estimated Reaction Rates for 1AC in Ethylene Glycol Based on the
Irreversible Proton-Transfer Scheme

124

Temperature (°C) | Tautomer  Kad(T)  KradN / kiadT | kobs |k Calculated K™ Krxn K"
rise, ns calculated
10°s* a 10°s* 10°s* 10°s? | 10°st  10%s™
Alt. fit #2 a=52 a=9.0
1 0.44 3.2 5.6 0.57 0.53 0.043 0.91 -0.34
10 0.40 3.2 5.4 0.73 0.70 0.030 1.21 -0.48
20 0.36 3.6 4.7 0.95 1.04 -0.091 1.81 -0.85
30 0.33 3.6 4.6 1.22 1.37 -0.15 2.37 -1.1
40 0.30 3.4 5.1 1.52 1.56 -0.043 2.70 -1.2
50 0.28 3.1 5.6 1.82 1.70 0.12 2.94 -1.1
60 0.26 3.2 5.4 2.04 1.98 0.065 3.42 -1.4
71 0.25 3.1 5.5 2.33 2.20 0.13 3.80 -1.5
mean: 3.3£0.2 52+04
Alt. fit #1 a=438 a=9.0
1 0.31 45 4.0 0.57 0.69 -0.12 1.30 -0.73
10 0.30 4.2 4.1 0.73 0.86 -0.13 1.62 -0.89
20 0.32 4.0 4.2 0.95 1.08 -0.13 2.03 -1.1
30 0.31 3.8 4.4 1.22 1.34 -0.12 2.52 -1.3
40 0.30 3.4 51 1.52 1.44 0.077 2.70 -1.2
50 0.28 3.1 5.6 1.82 1.57 0.25 2.94 -1.1
60 0.26 3.2 5.4 2.04 1.82 0.22 3.42 -1.4
71 0.25 3.1 5.5 2.33 2.03 0.30 3.80 -1.5
mean: 3.7t05 48+0.6
original fit a=47 a=90
1 0.31 45 4.0 0.57 0.68 -0.11 1.30 -0.73
10 0.30 4.2 4.1 0.73 0.84 -0.11 1.62 -0.89
20 0.31 4.1 4.1 0.95 1.10 -0.14 2.10 -1.1
30 0.31 3.8 4.4 1.22 1.32 -0.096 2.52 -1.3
40 0.29 3.5 4.9 1.52 1.46 0.059 2.79 -1.3
50 0.28 3.1 5.6 1.82 1.54 0.28 2.94 -1.1
60 0.26 3.2 5.4 2.04 1.79 0.25 3.42 -1.4
71 0.24 3.2 5.3 2.33 2.07 0.26 3.96 -1.6
mean: 3.7+05 4.7x0.6

The observed rate kqns is compared to calculated reaction rates. Two values of the ratio of
normal to tautomer radiative rates (a) are tested: a ~ 5 determined from EG data and

a = 9 from Table 2.3. The values of k" provide an indication of the quality of the
estimated rates, with negative values of k™ being nonphysical solutions.



Table 5.8: Estimated Reaction Rates for 1AC in Ethylene Glycol- D, Based on the

Irreversible Proton-Transfer Scheme
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Temperature (°C) | Tautomer  Kwag(T)  KradN / KradT | Kobs |Knn Calculated K" Ko K"
rise, ns calculated
10°s* a 10°s* 10°s* 10°s? | 10°st  10Ys™
Alt. fit #2 a=4.4 a=90
1 0.64 4.0 4.1 2.17 2.32 -0.15 4.75 -2.6
10 0.57 3.9 4.4 2.78 2.77 0.0031 5.68 -2.9
20 0.51 3.9 4.6 3.57 3.45 0.13 7.05 -3.5
30 0.46 4.1 4.3 4.22 4.32 -0.10 8.84 -4.6
40 0.41 3.8 4.6 5.03 4.85 0.18 9.92 -4.9
50 0.38 3.8 4.7 5.71 5.38 0.33 11.0 -5.3
60 0.34 4.3 4.1 6.29 6.78 -0.49 13.9 -7.6
71 0.32 4.0 4.3 6.62 6.82 -0.20 14.0 -7.3
mean: 40+£02 44102
Alt. fit #1 a=438 a=9.0
1 0.55 4.6 35 2.17 2.95 -0.77 5.53 -3.4
10 0.49 45 3.8 2.78 3.52 -0.74 6.60 -3.8
20 1.1 1.8 9.7 3.57 1.78 1.8 3.33 0.24
30 0.45 4.2 4.2 4.22 4.82 -0.60 9.04 -4.8
40 0.41 3.8 4.6 5.03 5.29 -0.26 9.92 -4.9
50 0.38 3.8 4.7 571 5.87 -0.16 11.0 -5.3
60 0.34 4.3 4.1 6.29 7.39 -1.1 13.9 -7.6
71 0.32 4.0 4.3 6.62 7.44 -0.82 14.0 -7.3
mean: 3.9t08 4.8%0.2
original fit a=39 a=90
1 0.46 5.6 3.0 2.17 2.86 -0.69 6.61 -4.4
10 0.47 4.7 3.6 2.78 2.98 -0.20 6.88 -4.1
20 0.42 4.7 3.8 3.57 3.71 -0.14 8.56 -5.0
30 0.42 45 3.9 4.22 4.20 0.023 9.68 -55
40 0.40 3.9 4.4 5.03 441 0.62 10.2 -5.1
50 0.37 3.9 45 5.71 4.90 0.82 11.3 -5.6
60 0.34 4.3 4.1 6.29 6.01 0.28 13.9 -7.6
71 0.31 4.1 4.1 6.62 6.24 0.38 14.4 -7.8
mean: 45205 39+05

The observed rate kqns is compared to calculated reaction rates. Two values of the ratio of
normal to tautomer radiative rates (a) are tested: a ~ 5 determined from EG data and

a = 9 from Table 2.3. The values of k" provide an indication of the quality of the
estimated rates, with negative values of k™ being nonphysical solutions.



Table 5.9: Temperature Dependence of 1AC Lifetimesin Benzyl Alcohol

[T & 2 as [ty (ns) t,(ns) ts (ns)

Normal 2782 037 063 026 061

( on=400 nm) | 288.2| 031  0.69 000| 021 043 5.0
298.2 | 1.00 0.01| 0.30 1.6
308.7| 1.00 0.00 | 0.24 2.2
318.2| 0.99 0.01| 0.20 3.2
328.2| 1.00 0.00| 0.18 2.8
338.2| 0.99 0.01] 0.16 3.0

Tautomer | 278.2| -7.05  8.05 030 0.68

(I on=560 nm) | 288.2 | -11.67 12.67 028 053
298.2 | -1557 1656 0.00| 025 045 10
308.7| 2330 2429 001| 021 040 10
318.2| -38.85 39.82 003| 0.18 037 10
328.2 [-112.97 11391 007| 017 033 10
338.2 | -228.87 229.72 0.15| 015 031 10
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Table 5.10: Estimated Temperature Dependence of Solute Rotation Times in Various Protic Solvents

MeOH 1-PrOH 1-BuOH BzOH EG PG Water FA  NMF
Viscosity (cP, 298K) 0.54 1.95 2.61 5.50 17.75 48.40 0.90 334 166
(h /' T)/ (haes!/ 298 K)
Temperature (K)
223 6.1 14.2
233 43 9.1
243 3.2 6.0 8.3
253 25 4.1 5.2
263 2.0 2.9 3.4 6.6 15.6
273 1.6 21 2.3 2.7 3.6 6.3 2.2 2.3 1.9
283 1.3 15 1.6 1.8 21 2.8 15 1.6 14
293 11 11 1.2 1.2 1.3 14 11 1.2 11
298 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
303 0.9 0.9 0.9 0.8 0.8 0.7 0.9 0.9 0.9
313 0.8 0.7 0.6 0.6 0.5 0.4 0.7 0.7 0.7
323 0.7 0.5 0.5 0.5 0.4 0.3 0.6 0.5 0.6
333 0.6 0.4 0.4 0.4 0.3 0.2 0.5 0.4 0.5
<t,> estimate 1AC, ps
223 45 308
233 32 197
243 24 131
253 18 89
263 15 63
273 12 45 225 655 3276 21 93 38
283 10 33 145 378 1469 15 65 29
293 8 25 99 230 720 11 47 22
298 7 22 83 183 519 10 40 20
303 7 19 70 147 381 8 35 18
313 6 15 51 98 216 7 26 14
323 5 12 38 68 130 5 21 12
333 4 9 30 49 83 4 17 10
<t,> estimate 7Al, ps

223 31 210
233 22 134
243 16 89 173
253 13 61 109
263 10 43 72
273 8 31 49 444 2229 14
283 7 23 34 256 999 10
293 5 17 24 156 490 7
298 5 15 21 124 353 7
303 5 13 18 100 259 6
313 4 10 13 67 147 5
323 3 8 10 46 89 4
333 3 6 8 33 56 3
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Table 5.10 (continued)

Table Notes

The temperature dependence of viscosities were calculated according to the algorithms of
(@) C. L. Yaws, Handbook of Viscosity. (Houston, Gulf Pub. Co., 1995). (b) D. S.
Viswanath and G. Natargjan, Data Book on the Viscosity of Liquids. (New York,
Hemisphere Pub. Corp., 1989).

Rotational times were estimated for 1AC and 7Al assuming the following values for Cops
[M. L. Horng, J. A. Gardecki, and M. Maroncelli, J. Phys. Chem. A., 101, 1030 (1997)]:
0.64 (Methanol, MeOH), 0.52 (1-Propanal, 1-PrOH), 0.55 (1-Butanol, 1-BuOH), 0.7
(Benzyl Alcohol, BzOH), 0.48 (Ethylene Glycol, EG), 0.5 (Propylene Glycol, PG), 0.5
(Water), 0.56 (Formamide, FA), and 0.56 (N-Methylformamide, NMF). The calculations
further assumed f = 0.6, V,(1AC) = 147 A%, and V,(7Al) = 104 A®,

The shaded regions indicate the onset of “anomalous’ kinetic behavior of 1AC or 7Al.
The regions not shaded in this table mean that experimental data are not available or that
the observed kinetics are consistent with the smple irreversible proton-transfer scheme.
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Table 5.11: Arrhenius Activation Energies (20 °C) for Solvent Properties and Reaction
Rates of 1AC and 7Al

1AC 7Al
Solvent @ E(h) kJmol E(tp) kImol Exr kImol Exx_kJmol
Methanol 10.9° 105" 17+2% 158" 95° 139,9.9° 9.72
Ethanol 9.7°11°% 14.8? 9.1°% 209 169 12.7°
1-Propanol 18.° 20.5" 12.6° 26 ¢
1-Butanol 18.¢,29¢ 19.3° 16° 31 17.5°
Benzyl Alcohol 21.4° ~10 ----
Ethylene Glycol 27.9% 31° 22™ 29+ 2K 18 172,20
Propylene Glycol 429 26™ ~21 ~27
Water 155" 15' 16+1or12+1" 9.6 8.8',10.3"°
Formamide 19.5° 13.8+0.8° 17+ 2" 13
N-Methylformamide 14.2’ 91+0.1° 15

! Because the observed isotope effects are largely independent of temperature, the E, do not differ greatly

from the normal alcohols, diols, or water. Datafor viscous solvents was fit for a small range about room

temperature (~10 - 40 °C).

% R. S. Moog and M. Maroncelli, J. Phys. Chem., 95, 10359 (1991).

M. Negrerie, F. Gai, S. M. Béllefeuille, and J. W. Petrich, J. Phys. Chem., 95, 8663 (1991).

H. Bulska, A. Grabowska, B. Pakula, J. Sepial, J. Waluk, and U. P. Wild, J. Lumin., 29, 65 (1984).

J. Herbich, J. Sepiol, and J. Waluk, J. Mal. Struct., 114, 329 (1984).

Arrheniusfit to datain D. S. Viswanath and G. Natarajan, Data Book on the Viscosity of Liquids.

(New Y ork, Hemisphere Pub. Co., 1989).
Arrheniusfit to datain D. Bohne, S. Fischer, and E. Obermeier, Ber. Bunsenges. Phys. Chem,, 88,
739 (1984).

9 Arrheniusfit to datain L. H. Thomas, R. Meatyard, H. Smith, and G. H. Davis, J. Chem. Eng. Data,
24,161 (1979); J. A. Riddick, W. B. Bunger, and T. K. Sakano, Organic Solvents. (New
York, Wiley, 1986).

"Y. Chen, R. L. Rich, F. Gai, and J. W. Petrich, J. Phys. Chem.,, 97, 1770 (1993).

f C. F. Chapman and M. Maroncdlli, J. Phys. Chem., 96, 8430 (1992).

I Arrhenius fit to datain C. L. Yaws, Handbook of Viscosity. (Houston, Gulf Pub. Co., 1995).

k B. P. Jordan, R. J. Sheppard, and S. Szwarnowski, J. Phys. D: Appl. Phys,, 11, 695 (1978).

' Arrhenius fit to data compiled in E. W. Castner, Jr., B. Bagchi, M. Maroncelli, S. P. Webb,
A. J. Ruggiero, and G. R. Fleming, Ber. Bunsenges. Phys. Chem., 92, 363 (1988).

™ A. El-Samahy, B. Gestblom, and J. Sjéblom, Finn. Chem. Lett., 1984, 54.

" Activation energies for 271-293 K and 315-367 K, respectively. C. Ranne, L. Thrane, P.-O. Astrand,
A. Wallgvigt, K. V. Mikkelsen, and S. R. Keiding, J. Chem. Phys., 107, 5319 (1997).

° S. M. Puranik, A. C. Kumbharkhane, and S. C. Mehrotra, Ind. J. Chem., 32A, 613 (1993).

P S. J. Boryschuk, M. S. Thesis, The Pennsylvania State University, 1993.

9 J. Konijnenberg, A. H. Huizer, and C. A. G. O. Varma, J. Chem. Soc., Faraday Trans. 2, 84, 1163
(1988).

" J. Waluk, H. Bulska, , B. Pakula, and J. Sepiol, J. Lumin., 24/25, 519 (1981).

* A “short-lived” lifetime (~70 ps) has E = 2.7 + 1.7 kcal/mol. [Y. Chen, R. L. Rich, F. Gai, and
J. W. Petrich, J. Phys. Chem., 97, 1770 (1993).]
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Table 5.12: Solvent Didlectric Relaxation Times

Solvent <tp> Reference tmn(1AC)
(ps) (ps)
Primary Alcohols
methanol 54 1.2 540
ethanol 191 12,3 790
1-propanol 430 1 770
1-butanol 581 1,45 860
1-pentanol 879 1,3 900
1-heptanol 1378 1,3 1210
1-octanol 1755 1,3 1160
1-nonanol 2030 1,3 1280
1-decanol 2115 1,3 1290
1-undecanol 1538 1 1060
benzyl alcohol 250 6 290
2-methyl-1-propanol 850
Secondary Alcohols
2-propanol 411 2,7 1130
2-butanol 490 5
3-pentanol 1590
cyclohexanol 2290 8 1340
Tertiary Alcohols
2-methyl-2-propanol 331 49,10 1920
2-methyl-2-butanol 210 11 2210
3-ethyl-3-pentanol 3810
Diols
ethylene glycol 143 3,12 940
propylene glycol 430 3,13 1860
Triols
glycerol 1719 13 2640
Water | 85 910,14 [ 2320

Solvent (Debye) dielectric relaxation times measured at 20 or 25 °C are from the sources listed below:

NogrwNE

8.
9.

10.
11.

12.
13.

14.

Y.R.Kim, J. T. Yardley, and R. M. Hochstrasser, Chem. Phys., 136, 311-319 (1989).

D. Bertolini, M. Cassettari, and G. Salvetti, J. Chem. Phys,, 78, 365-372 (1983).

B. Gestblom, A. El-Samahy, and J. Sjéblom, J. Solution Chemistry, 14, 375-392 (1985).

S. M. RPuranik, A. C. Kumbharkhane, and S. C. Mehrotra, Indian J. Pure & Appl. Phys., 29, 47-48 (1991).

H. A. Rizk and N. Youssef, Z. Phys. Chem. (Frankfurt am Main), 58, 100-113 (1968).

V. A. Durov, C. Puchaa, M. I. Shakhpsaronov, and N. V. Lifanova, Russ. J. Phys. Chem., 57, 1367-1369 (1983).
J. Barthel, DECHEMA Chemistry Data Series, Vol 12: Electrolyte Data Collection, Part 2a: Nonaqueous
Solutions (DECHEMA, Frankfurt, 1995).

S. K. Garg and C. P. Smyth, J. Chem. Phys., 46, 373 (1967).

S. Mashimo and N. Miura, J. Chem. Phys., 99, 9874-9881 (1993).

A. C. Kumbharkhane, S. M. Puranik, and S. C. Mehrotra, J. Chem. Soc. Faraday Trans., 87, 1569-1573 (1991).
A. D’Apprano, |. D. Donato, G. D’ Arrigo, D. Bertolini, M. Cassettari, and G. Salvetti, Mol. Phys., 55, 475-488
(2985).

A. El-Samahy, B. Gestblom, and J. Sjéblom, Finn. Chem. Lett., 1984, 54.

A. Lux and M. Stockhausen, Phys. Chem. Liquids, 26, 67-83 (1993) report the Cole-Davidson form of the
dielectric relaxation: t ,,= 432 ps for propylene glycol and t 5,= 1719 psfor glycerol.

C. Ranne, L. Thrane, P. Astrand, A. Wallgigt, K. V. Mikkelsen, and S. R. Keiding, J. Chem. Phys., 107, 5319,
(1997).

The observed reaction rates for 1AC in these solvents are listed for comparison. Most of the datais from
S. J. Boryschuk, M. S. Thesis, The Pennsylvania State University, 1993.
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Figure 5.1: Temperature Dependence of 1AC Lifetimesin Ethylene Glycol

Lifetimes from an unconstrained fit (filled symbols) as well as from alternative fit #2 (open symbols) to the tautomer emission are
shown.
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Figure 5.2: Temperature Dependence of 1AC Lifetimes in Ethylene Glycol-D,

Lifetimes from an unconstrained fit (filled symbols) as well as from alternative fit #2 (open symbols) to the tautomer emission are
shown.
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Figure 5.3: Temperature Dependence of 1AC Lifetimesin Propylene Glycol

Lifetimes from an unconstrained fit (filled symbols) as well as from alternative fit #2 (open symbols) to the tautomer emission are

shown.
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Figure 5.4: Temperature Dependence of 7Al Lifetimesin Propylene Glycol

Lifetimes from an unconstrained fit (filled symbols) as well as from alternative fit #2 (open symbols) to the tautomer emission are

shown.
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Figure 5.5: Summary of Temperature Dependence of Reaction Rates of 7Al and 1AC in Ethylene Glycol

The reaction rates were determined using “ alternative fit #2” discussed in Section 5.2. The temperature dependence of the viscosity of ethylene glycol is
shown for comparison. [Viscosity datafrom (a) D. S. Viswanath and G. Natargjan, Data Book on the Viscosity of Liquids. (New Y ork, Hemisphere Pub.
Co., 1989). (b) D. Bohne, S. Fischer, and E. Obermeier, Ber. Bunsenges. Phys. Chem., 88, 739, (1984).]
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Figure 5.6: Temperature Dependence of 1AC in Benzyl Alcohol
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Figure 5.7: Comparison of Observed Rates and Solvent Dielectric Times (t1)

The reaction rate datain methanol and 1-propanol is
data used here are noted in Section 5.4 (Endnote 52).

from S. J. Boryschuk, M.S. Thesis, The Pennsylvania State University, 1993. Sources of the dielectric
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Figure 5.8: Isotope Effects in the Correlation between Reaction Rates and Solvent

Didectric Relaxation Times for 1AC and 7Al
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