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Figure 6. The measured inverse mobility, at 200 0C in air, of a ho
mologous series of protonated normal tertiary aliphatic amines as a 
function of ion mass. Curve a was calculated according to the rigid 
sphere model (r0 = 4.1 A); curve b according to the polarization limit 
model; curve c according to the hard-core model with a* = 0.1, z = 0 
A/amu, and r0 = 3.31 A; and curve d with a* = 0.1, z = 0.0025 A/amu, 
and r0 = 2.53 A. 

Tables I—III). These calculated values depend on a*, as evident 
from eq 5. In air, the curve-fitting procedure is strongly dependent 
on the choice of a*, with a* = 0.2 giving the best fit. The quality 
of the fit diminishes by changing a*. In the acetyls (Figure 1), 
aromatic amines (Figure 2), and all aliphatic amines (Figure 4), 
taking a* = 0.2 gave the best fit (as expressed by X1), while in 
the normal tertiary amines (Figure 6) a somewhat better fit was 
obtained with a* = 0.1. In helium, variation of a* from 0 to 0.3 
barely affected the quality of the fit, while taking a* = 0.4 had 
only a small effect (Figure 3). 

As mentioned above, the values of rm and Q0, and especially 
of «o, depend strongly on the choice of a*. Therefore, as the purely 
mathematicaly fitting procedure is insensitive to variation of a*, 
it must be selected from physical considerations. There is no 
experimental data from other techniques, except IMS, on the 
strength of the ion-helium interaction. The fact that the attractive 
interaction of a given ion with helium is weaker than in air is an 
indication on the choice of a*. Thus, taking a large value (a* 
= 0.4) for helium would yield an unreasonably large calculated 
interaction potential; therefore, a* = 0.1 was chosen for helium. 

1. Introduction 
A protropic tautomerism of heteroaromatic compounds con

taining a hydroxy group at the excited state has long been of 
interest to chemists and has attracted further attention in recent 
years. For such molecules, electronic excited states of keto and 
enol forms have been investigated extensively by using absorption 

In conclusion, it appears that taking a* = 0.2 for ions in air 
and a* = 0.1 in helium is an a priori reasonable choice for these 
ions in all cases. It is especially interesting to compare the collision 
cross sections. First, the values obtained are in good agreement 
with those reported by Hagen.17 Second, evidently the collision 
cross section for a given ion in helium is about half that in air. 

Finally, one can use the rigid sphere approximation to calculate 
the radius of the ion (from the sum of radii). For protonated 
pyridine, for example, the result would be about 3.8 A, which 
reasonably agrees with the ab initio calculations of Del-Bene.18 

Thus, although this approximation poorly reproduces mobility 
results, it can give a crude estimate of the ion radius once the 
collision cross section has been derived from the mobility mea
surements. Comparison of the results obtained for Q0, rm, and 
«o for ions drifting through helium and through air gives an insight 
as to the differences in the ion-neutral interactions. For a given 
ion, the collision cross section is about double the size in air than 
in helium, which reflects the relative size of the neutral species. 
The depth of the minimum (t0) in the interaction potential is 
smaller in helium by an order of magnitude, while rm differs by 
less than 25%. The difference in size between helium atoms and 
the air (nitrogen and oxygen) molecules, which causes the collision 
cross-section differences, also partly accounts for the somewhat 
smaller rm in helium. On the other hand, the difference between 
the polarizability of helium and of air leads to a much weaker 
attractive interaction between the ion and helium atoms. Thus, 
the difference in size leads to a smaller collision cross section in 
helium, and the polarizability difference leads to a stronger in
teraction of the ion with air, resulting in mobilities in helium that 
are higher by a factor of 3-5 than in air. 

The introduction of the correction factor, z, enhanced the 
agreement between the measured data points and the calculations 
based on the hard-core model. This improvement was evident 
especially for the mobility measurements of polyatomic ions in 
helium and for mobility measurements of ions with masses above 
200 amu, in air. As most of the earlier studies were concerned 
with a limited mass range of ions, and with air or nitrogen as drift 
gases, the problem of a quantitative fit was not as severe and did 
not arise. 
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and/or emission spectroscopy.1 7 Although the enthalpy difference 
(AH) between the keto and enol forms is one of the important 
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Abstract: The enthalpy difference between the keto and enol forms of 7-hydroxyquinoline is measured by using the time-resolved 
thermal lens technique. The obtained large difference, 3400 cm-1, in the ground state and -4200 cm"1 in the excited singlet 
state indicate the predominant enol form in the ground state and keto form in the excited state. 
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Figure 1. Schematic energy diagram of the proton transfer in 7-
hydroxquinoline (in cm"'). The experimental results obtained in this 
paper and the reported parameters are used, (a) Transition energies 
taken from ref 4 and 5; (b) activation energies taken from ref 4; (c) those 
obtained from the present experimental results; (d) those obtained from 
E1' - £f

k - A//. 

quantities to elucidate the kinetics of such a proton-transfer system, 
few data are available.2 If AH is small compared with the thermal 
energy, it can be determined from the temperature dependence 
of the equilibrium constant.2 Unfortunately, however, AH is much 
larger than thermal energy in many proton-transfer systems, and 
in this case, the equilibrium constant becomes small and the 
measured AH by the temperature-dependence method is less 
reliable. In this paper, we demonstrate that the time-resolved 
thermal lens (TL) technique is a very powerful method to de
termine AH even in the case of a large AH. As a typical example, 
we applied this method to 7-hydroxyquinoline in methanol. 

When a ground-state solute molecule in solvent is excited to 
higher electronic states by irradiation, the temperature and hence 
the refractive index of the solvent change due to the heat released 
by the radiationless transition from the excited solute molecule. 
In the TL method, the refractive index profile is probed optically 
as a divergent lens.8 Therefore, this method has a great advantage 
to detect a weak or nonemissive transition, such as singlet-triplet 
transition or enol-keto transformation. Recently, we applied the 
time-resolved TL method to measure the quantum yield of triplet 
formation in liquid phase9 and in solid phase.10 As a extension 
of the application, in this paper, we report that the heat coming 
from the process of keto-enol tautomerism can be determined by 
this method. 

2. Experimental Section 

2.1. Method. The enol form of 7-hydroxyquinoline is known to be 
much more stable than the keto form, and only the enol form exists in 
a room temperature solution.3"7,11 In the excited state, the nitrogen is 
more basic and the phenolic group more acidic as compared with the 
ground state. Then in the lowest excited singlet (S1) state, the keto form 
is created by proton transfer from the enol form and the S1 state of the 
keto form decays to the ground state of the keto form.3"6 The keto form 
of the ground state then transfers to the enol form by proton back-
transfer (Figure 1). During these processes, the slow process is only the 
proton back-transfer process in the ground state and the rate of the other 
processes are faster than the time resolution of the TL method (the order 
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Figure 2. Time dependence of the thermal lens signal after the excitation 
of 7-hydroxquinoline in methanol. Inset: semilog plot of the rise curve. 

of submicroseconds).4'5 Therefore, the thermal lens signal that is created 
by the nonradiative decay should first rise within submicroseconds and 
should then rise slowly corresponding to the rate of the proton back-
transfer. The ratio of the total signal intensity (Ut) to the slow-rise signal 
intensity (Us) is expressed by 

U, AH<t>, 
— = (1) 
U1 Ea - £ { W - £fVfk 

where 0 t is the quantum yield of the proton transfer at the S1 state. E„, 
Ef, and £f

k are the photon energy that is used to excite the molecule and 
the energy of the fluorescent state of the enol and that of the keto forms, 
respectively. 0f

e and 0f
k are the quantum yields of the fluorescence of 

the enol and keto forms, respectively. 
2.2. Apparatus. The experimental setup for the time-resolved TL 

method was reported previously.9,10 Briefly, a nitrogen laser (Molectron 
UV-24) and a He-Ne laser were used for the excitation and monitoring 
laser. The N2 laser beam was focused inside the square sample cell with 
a 20-cm focal lens. The He-Ne laser beam, which was made collinear 
with the N2 laser beam, was detected by a photomultiplier tube (Ham-
amatsu R-928) through a pin hole. The obtained signal was averaged 
by a transient digitizer (Iwatsu DM-901) and a microcomputer. 

7-Hydroxyquinoline, purchased from Eastman Kodak Co., was puri
fied by recrystallization. The solvent, methanol, was purified by distil
lation. 

3. Results and Discussion 

The time dependence of the TL signal of 7-hydroxyquinoline 
in methanol is shown in Figure 2. The TL signal decays with 
a time constant of thermal diffusion (order of milliseconds). At 
the initial part of the signal, a fast rising of nanosecond order and 
a slow rising of microsecond order components is observed. The 
time constant of the fast-rising component is determined by the 
time constant of the thermal lens signal, namely w/v, where w 
is the beam radius of the excitation laser and v is the velocity of 
sound. Under our experimental condition, this time constant is 
nearly 50 ns. Therefore, all of the heat releasing from the process 
of S,(enol)-S0(enol), S^enoD-S^ke to ) , and Sj(keto)-S0(enol) 
(Figure 1) contributes to the fast-rising signal. 

We assign the slow rising to the nonradiative decay of the proton 
back-transfer for the following reasons. First, the only possible 
slow deactivation process except the proton back-transfer is the 
decay from the triplet state of the enol or keto forms. The decay 
rate from the triplet states should be faster than submicrosecond 
in our air-saturated conditions. Therefore, the decay from the 
triplet states cannot be the origin of the slow rising. Second, the 
decay of singlet oxygen created by the quenching of the triplet 
state is another candidate for the origin of the slow rising. 
However, we conclude that the contribution of the singlet oxygen 
decay can be safely neglected, because we could not observe the 
slow-rising component with the lifetime of 10 /xs, which is the 
reported lifetime of singlet oxygen in methanol12 (vide infra). 
Moreover, the rising part does not change even if the solution is 
deoxygenated by nitrogen bubbling. The quantum yield of the 
triplet formation of 7-hydroxquinoline is considered to be small. 
Third, the rising curve is expressed well as single-exponential form 
(Figure 2) with a lifetime of 3.7 ^s . This lifetime agrees with 

(12) Fuke, K.; Ueda, M.; Itoh, M. J. Am. Chem. Soc. 1983, 105, 1091, 
and references therein. 



3826 J. Am. Chem. Soc. 1989, 111, 3826-3835 

that of the keto form in the ground state measured by transient 
absorption (3.5 ^s).3'4 

By using eq 1 with the experimental result (UJUx = 0.105) and 
the other parameters, E„ = 29670 cm-1, E1-' = 26500 cm"1, Ef 
= 18900 cm"1, 4>f = 0.044,13 0f

k = 0.077,13 and 4>t = 0.85,4 i\H 
is calculated to be 3400 cm"1. It is interesting to note that a 
quantum mechanically calculated &.H by Bordor et al. was 2000 
cm"1,11 relatively close to the experimental data. 

(13) The quantum yields of fluorescence were determined relative to 
quinine sulfate in 0.5 M sulfuric acid as a standard solution. 

From the spectroscopic data (E', Ef
k), and the obtained Ai/ 

in the ground state, the stabilization energy of the keto form in 
the excited (S1) state is calculated to be 4200 cm"1 (Figure 1), 
much larger than the thermal energy at room temperature. The 
proton back-transfer rate in the excited state can therefore be 
negligibly small. This finding supports the kinetic model proposed 
by Itoh et al.4 

In summary, we demonstrated that the time-resolved TL me
thod is a very powerful method to measure the enthalpy difference 
of keto and enol forms in proton-transfer systems. 
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Abstract: fe/7-Butyl alcohol reacts with oxygen-covered Ag(110) surfaces below 200 K yielding ?-BuO{a) and adsorbed water 
and hydroxyl groups. Temperature-programmed reaction spectroscopy demonstrates that r-BuO(a) reacts at 440 and 510 K 
by processes that involve rate-limiting C-H bond cleavage yielding isobutylene oxide, isobutylene, tert-buty\ alcohol, H2O, 
and CO2. The reaction path at 440 K predominates when the initial coverage of 0 (a) is high; that at 510 K predominates 
when the coverage of 0 ( a ) is low. A third process occurs at 590 K, producing acetone. It is concluded from this work that 
the unactivated methyl C-H bonds in r-BuOw are significantly more stable toward cleavage by this surface than are the activated 
C-H bonds in MeOw or EtO(a). Isotopic labeling experiments with 18O2 show that the surface oxygen present before the 
tert-butyl alcohol dose is not incorporated into the isobutylene oxide, acetone, or tert-butyl alcohol products. The reactions 
occurring at 440 and 510 K appear to involve rate-limiting C-H bond breaking reactions yet do not involve transfer of hydrogen 
atoms to the surface. Instead, direct proton transfer from the methyl group of f-BuO(a) to either 0(a) (440 K) or another f-BuO(a) 
(510 K) appears to occur. 

The oxidation of primary and secondary alcohols on Ag(110) 
and Cu(110) surfaces under ultrahigh vacuum conditions (UHV) 
is now fairly well understood.1"5 Generally, the first step involves 
the reaction of an adsorbed alcohol molecule with surface oxygen 
to form a surface-bound alkoxide and water (eq 1; R = H, alkyl). 

2R2CH0H (a ) + O w — 2R2CH0 (a ) + H2O 

R3CHO (a) R 7 C=O + H 

H(a) + R2CHO(a 

2 H m + 0 1(a) (a) 

(a) 

R2CHOH 

H2O 

2H (a) H, 

(D 

(2) 

(3) 

(4) 

(5) 

Upon further heating, the surface alkoxide reacts and yields an 
aldehyde (or ketone) and H(a), presumably by reaction of the 
hydrogen a to oxygen with the surface (eq 2). Recombination 
reactions produce the parent alcohol, water, and/or H2 (eq 3-5). 
Displacement reactions between surface alkoxides produced as 
in eq 1 and other alcohols or other proton donors have been useful 
in establishing a scale of stabilities of the surface alkoxides that 
agrees with the relative gas-phase acidities of the respective al
cohols.6,7 

The activation energies of reactions occurring according to eq 
2 correlate with the bond strength of the C-H bond a to oxygen.5 

In general, these C-H bonds are weaker than "unactivated" C-H 
bonds by 4-7 kcal/mol due to their proximity to oxygen. An 

1 Current address: Polaroid Corp., 1265 Main Street, W4-2A, Waltham, 
MA 02254. 

Scheme I. Reaction of tert- Butyl Alcohol (d0, (Z1) on Preoxygenated 
Ag(IlO) Surface 
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unactivated C-H bond is defined8 as a C-H bond that is not a 
to a heteroatom or an unsaturated center. The activated C-H 
bonds are weaker (have lower bond dissociation energies) because 
homolytic cleavage of these bonds produces carbon-centered 
radicals that are stabilized by the adjacent heteroatoms or un
saturated centers. 
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