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Intramolecular excited state double proton-transfer dynamics has been studied 'tiggq2lyl]-3,3-diol
(BP(OHY),) in sol—gel glass. By means of the femtosecond fluorescence up-conversion technique, the spectral
dependence of the fluorescence transients obtained for BR {@H)Yew sol-gel glasses has been followed.

From the temporal behavior of the reconstructed spectra, two concurrent double proton-transfer pathways are
concluded to occur in the sebel hosts: the first is a concerted double proton-transfer process (within 100

fs after the excitation pulse) and the second is a two-step process involving the reaction from the excited
dienol-to-monoketo tautomer<(L00 fs), followed by the monoketo-to-diketo step (with a time constant of a
few ps). The proton-transfer dynamics has been studied in thegetd TMSPM and TMOS, both as a
function of the temperature and as a function of the wavelength of the excitation pump pulses. In-the sol
gel TMSPM, the proton-transfer dynamics in photoexcited BPgéaster than the dynamics of the solute

in TMOS and also faster than that in liquid solution (as known from our previous work). In theysbl

TMOS, which contains residual amounts of methanol and water, the proton-transfer dynamics is found to be
influenced by the solvation of the BP(OHolute to the nearby layers of methanol and water. In the two-
step process, the ratio of the yields of the monoketo and diketo tautomers is significantly reduced when
excitation is to lower excited-state energies. It is discussed that this effect is typical of an energy barrier in
the dienol-to-monoketo reaction pathway, the barrier height being more pronounced in the TMSPM glass
than in the case of the TMOS glass300 cn1?l). At higher excitation energies, the results for the ratio of

the yields of the monoketo and diketo tautomers are suggestive of additional dark processes due to coupling
to the rigid sot-gel network.

1. Introduction and fluorescence band maxima are practically independent of

In recent years, several experimental and theoretical studiesth® Polarity of the solvent. Supported also by the results of
of ultrafast excited-state intramolecular proton-transfer (ESIPT) their semiempirical calculations, Bulska et&#*concluded that
reactions have been reported! In the experiments, ultrashort ~ Photoexcitation of the molecule is from the dienol ground-state
laser pulses are applied to excite the protic molecules to antf) the excited-state dienol conflguratpn, foIIoweo_I by a coopera-
electronic state in which the electronic charge distribution is tive double proton-transfer process in the excited state, thus
quite different from that in the ground state, and thus, the forming the fluprescent diketo tautomer. quchke .e@5al.
corresponding excited-state and ground-state potential energyPerformed a picosecond study of BP(QHwith a time
surfaces, as a function of the normal mode coordinates, are alsg€solution of about 5 ps). They found that the initially excited
appreciably different. Since the nuclear motions cannot SiState decays in a few picoseconds. This time was considered
adiabatically follow the laser-induced sudden changes in the & being characteristic for the double proton-transfer process.
electronic charge distribution, the impulsive photoexcitation Evidence for a stepwise dual proton transfer was not found
prepares the molecule in a nonstationary state, and a moleculaglthough INDO calculations predicted that the excited singlet
relaxation over the excited-state potential energy surface ensuestate of the monoketo tautomeric form is between that for the
until the new equilibrium positions for the nuclei are obtained. first excited states of the dienol and diketo forffs.
When the vibrational modes active in the relaxation process Utilizing fluorescence up-conversion techniques, we recently
involve large amplitude proton motions as, for example, in reported studies of the ESIPT dynamics in BP(@ldh a
hydrogen-bridge formation, then the amplitude of these proton femtosecond time scafe.lt was shown that the dual proton
displacements is often large enough that the proton transfer cartransfer in photoexcited BP(OH)in liquid solution, can take
be considered separately. The usual time scale for such place in either of two ways, a concerted one-step process
proton-transfer processes extends from tens of femtosecondgielding directly the diketo product or a sequential two-step
to picoseconds. Single (see, e.g., refsl1) and double (see,  process, in which first the monoketo intermediate is formed and
e.g., refs 2, 5, and 6) ESIPT dynamics have been studied.  then the diketo product in the second step. The concerted

For [2,2-bipyridyl]-3,3-diol (henceforth referred to as BP-  reaction and the first step in the sequential process were too
(OH)y), it was previously showdd—24that the optical absorption  fast to be resolved in the experiment00 fs); the mono-to-

T Permanent address: Department of Physics and Instituto Nazionale didlketo reaction in the two-step mechanism occurred with a

Fisica della Materia, University of Rome “Tor Vergata’, Via della Ricerca  tyPical time constant of 10 ps. Intramolecular stretching and
Scientifica, 1, 00133 Rome, Italy. bending modes were considered to promote the one-step and
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two-step double proton-transfer reactions, respectivelyn 2. Experimental Section
aprotic solvents, the ESIPT dynamics appeared insensitive to
the polarity and viscosity of the solvent. In protic solvents, on
the other hand, the proton transfer in the mono-to-diketo reaction
slowed down as the solvent viscosity was increased. It was
conjectured that the “free” nitrogen atom in the pyridyl ring of
the monoketo tautomer intermediate could form a hydrogen
bridge to a neighboring protic solvent molecule, the lifetime of
this protonated intermediate being on the order of the solvent

rotational diffusion time. . . - . . ;
. . . organic network in addition to the inorganic one is formee®
It has been considered that BP(QHg a suitable laser dye  yglar ratios of the components were TMSPM:TMOS:water
material?®® In fact, laser activity has been demonstrated for BP- 1.1:35 |n the following, we indicate the samples described
(OH). dissolved in different solvents (benzene, dioxane, cyclo- 4pove as TMOS and TMéPM respectively. The BP(dye

hexane, et€?). In view of this, optical studies of BP(Ob)  \yas dissolved in the sol liquid solution with an approximate
dissolved in sotgel glass matrixes have been performiéd. jnitial concentration of 1.3¢< 104 M and 3.5x 104 M for

Silica glasses obtained through sglel synthesis have received  {he TMSPM and TMOS selgel glasses, respectively. Im-
considerable attention in recent years because of their widemedgiately after preparation, the samples were stored in an oven
application in integrated opticS.** The incorporation of  at about 38°C. After the samples were aged for a period of
organic molecules in seigel hosts, thanks to low preparation  ahoyt three weeks, we obtained-sgel glasses (thickness-3
temperatures, has the great advantage of combining the particulapym) ready to be used in the experiments.
optical properties of the organic compounds, such as high  geaqy-state absorption spectra were recorded by means of a
photoluml_n_escence eff|C|en_cyW|th the I_c_)w optical losses, long- ynventional spectrophotometer (Shimadzu UV-240). The
term stability, and mechanical workability of glas$és™® steady-state fluorescence spectra were measured using the
The optical properties of molecules may be severely modified emission spectrometer described befSr&he emission spectra
when dissolved in glassy matrixes as compared to those in liquidwere corrected for the wavelength-dependent sensitivity of the
solution?”:343%-44 An example of this is BP(OHY’ To further ~ monochromator-photomultiplier detection system.
study the ESIPT of the BP(Oklsystem, when dissolved in Femtosecond and picosecond fluorescence transients were
inorganic and hybrid setgel silica glass matrixes, we have measured by means of two different experimental setups.
performed femtosecond fluorescence up-conversion experimentsFemtosecond laser excitation was accomplished using a diode-
Very recently, the first ultrafast studies of excited-state intramo- pumped continuous wave (cw) Millennia X Nd:Y\Qaser
lecular proton transfer in confined systems were repditéd.  which pumped a Tsunami Ti:sapphire laser operating at 800
this paper, we report results of similar investigations for BP- nm and which delivered 60 fs pulses at a repetition rate of 82
(OH), in two different sot-gel matrixes, to establish the role  MHz. The laser pulses were first amplified in a Quantronix
of rigidity and polarity of the solid matrixes on the proton- regenerative amplifier laser system to about 400 mW at 1 kHz
transfer dynamics. One of the sajel matrixesis aplainsel ~ and then split into two beams by a beam splitter. One of the
gel (TMOS, cf. Experimental Section) obtained by slow beams was led into an OPA system. The fourth harmonic (less
hydrolysis and polycondensation of tetramethyl orthosilicate; than 0.1xJ and 100 fs) was selected by a 2-mm thick optical
the second setgel (TMSPM, cf. Experimental Section) is a filter DUG 11 (from 300 to 400 nm) and attenuated by an optical
hybrid system in which an organofunctional alkoxysilane has filter. It was used to photoexcite the sample which was moving
been added’#54¢ We find, as before in the liquid phaS¢hat back and forth perpendicular to the excitation laser beam to
in the sot-gel solid two competitive intramolecular proton- avoid the heating of the sample. The ensuing transient
transfer pathways occur, a concerted single-step double protonfluorescence was time-resolved detected, applying the fluores-
transfer (in less than 100 fs) and, parallel to this, a stepwise cence up-conversion detection techni§i@? In the latter
double proton transfer where the monoketo intermediate is experiments, an attenuated part of the fundamental beam (800
formed instantaneously and decays into the diketo excited nm) was led through a delay line and focused, together with
tautomer in about 5 ps. Moreover, we present results of our the pump-pulse induced fluorescence, onto a 1-mm thick BBO
study of the influence of the amount of excited-state vibronic crystal (type | phase matching condition). The up-conversion
excess energy on the relative yield of the monoketo and diketo signal (at the sum frequency of the fluorescence and the
excited-state photoproducts of BP(QH)We show that the  fundamental of the fs laser) was filtered out by an UG 11 filter
amount of excess vibrational energy significantly influences this and then focused on the entrance slit of a Zeiss M 20
ratio and, in fact, gives rise to photoselectivity in the proton- monochromator and photodetected by means of a photomulti-
transfer mechanism which reveals itself only because of the plier (EMI 9863 QB/350) connected to a SRS lock-in amplifier
high-time resolution of the experiments. The outline of the system linked to a personal computer for data storage and
paper is as follows. In the Experimental Section, experimental analysis. To avoid detection of kinetics due to reorientational
details are presented. In Section 3, we present the experimentaimotions of the probed BP(Oknolecules, the polarization of
results, i.e., those obtained by means of steady-state spectrosthe excitation beam was at the magic angle of 84 with
copy, the results of the time-resolved fluorescence measurementsespect to the vertically polarized gating beam. From the
with femtosecond and picosecond time resolution, and the effectsmeasured cross-correlation function of the excitation and gating
of the excitation wavelength on the temporal behavior (in the pulses at 400 and 800 nm, the instrumental time response was
subpicosecond time regime) of the fluorescence of BP¢@H)  estimated to be approximately 300 fs (fwhm).
sol—gel material. Finally, in Section 4, the experimental data  Fluorescence transient measurements with picosecond time
are discussed in relation to the mechanisms and dynamics ofresolution were conducted using the time-correlated single-
the double proton-transfer processes in the excited state of BP-photon counting technigué. Briefly, a mode-locked Coherent
(OH), in sol—gel material. Innova 200-15 At ion laser synchronously pumped a Coherent

BP(OH) was purchased from Aldrich and used without
further purification. Bulk sot-gel glasses were prepared using
tetramethyl orthosilicate (TMOS) as a precursor and formamide
as a drying control chemical additi¥é#é Molar ratios of the
reagents were TMOS:water:formamide:methawoll:10:2:7.
Sol—gel glasses modified by organic side groups were prepared
using 3-(trimethoxysilyl)-propyl methacrylate (TMSPM) and
tetramethyl orthosilicate as precurséfsin these samples an
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Figure 1. Steady-state absorption (a) and emission (b) spectra of BP- Figure 2. Fluorescence up-conversion transients of BP(OH)(a)
(OH)2in TMOS sol-gel glass (solid curves), in TMSPM segel glass TMOS and (b) TMSPM sotgel glasses for various detection wave-
(dotted curves), and in cyclohexane solution (dastuatted curves) lengths at room temperature. Excitation pulse is at 320 nm. The
at room temperature. A schematic picture of the structure of the dienol detection wavelengths are shown in nm.

form of BP(OH} has been inserted in (a).

was made more clear in experiments where the shortest time
702-3 dye laser with a Coherent 7200 cavity dumper. The window, with a span of 6.7 ps, was used. The instantaneous
cavity-dumped dye laser generated laser pulses of about 7 pgise component is followed by an additional rise, when detection
(fwhm autocorrelation trace) and 25 nJ at 3.7 MHz. These is at wavelengths below 520 nm, or a decrease, at detection
pulses were then frequency doubled to about 320 nm in a 6-mmwavelengths above 520 nm, on a picosecond time scale. Finally,
BBO crystal and used to photoexcite the sample. The fluores- the fluorescence decays slowly with a time constant of several
cence transients were detected, applying the time-correlatednanoseconds, typical of the lifetime of the fluorescent state. This
single-photon counting technique in reverse mode. The outputslow decay component is not resolved in the transients of Figure
of the photomultiplier, amplified using a Hewlett-Packard 8347A 2 but was clear when repeating the experiments for longer delay
3 GHz amplifier, was sent to a (modified) Tennelec 455 constant times using the picosecond fluorescence setup outfitted with
fraction discriminator, and finally it acted as the start pulse for time-correlated single photon counting detection equipment.
the Tennelec TC 864 time-to-amplitude converter. Part of the  The fluorescence transients observed for BP(Qddped in
644-nm dye laser pulse was monitored by an Antel FS 1010 the sol-gel matrixes are very similar to those measured for the
photodiode. This photodiode signal was then sent to a Tennelecsame solute in various liquid solvents. As befbtiee measured
TC 454 constant fraction discriminator as the stop pulse. The transients could be fitted to a biexponential function of the form
output of the TC 864 was fed into an EG&G Ortec 918 of eq 1, convoluted with the system response function. For
multichannel buffer. The time-base of the TC 864 was
calibrated to an accuracy of 1% by optically delaying the arrival (4, 1) = ¢(A){exp(=t/t;) — exp(~t/7))} + c,(4) exp(~tizy)
of the visible dye laser pulse at the photodiode with respect to ()
the arrival of the UV excitation pulse at the sample. The . . s
instrument response was about 16 ps (fwhm). All of the the transients detected on the blue side of the emisdion (

fluorescence transients were measured at magic angle. 520 nm), after the sharp rise, the intensity rise of the BPZOH)
fluorescence transients could be fitted with a time constait (
3. Results of about 5 ps for the TMOS sample and of about 3 ps for the

TMSPM sample. The picosecond intensity decrease component,
(a) Steady-State SpectroscopyThe steady-state absorption when detection is at the red pait ¥ 520 nm), could be fitted
and emission spectra for BP(OH) TMOS and TMSPM sct with the same time constants, i.e., 5 ps for the TMOS sample
gel glasses are given in Figure 1. Absorption and emission and 3 ps for the TMSPM selgel glass. The slow lifetime
spectra for BP(OR)dissolved in cyclohexane are also presented component 1) fitted a second exponential term with decay
in the same figure for comparison (from ref 6). The band times of 1.8 ns and 4.8 ns for the TMOS and TMSPM samples,
maxima in the absorption spectra for BP(QH) TMOS and respectively.
cyclohexane are found to coincide near 340 nm, whereas the The wavelength dependence of the (sub)picosecond fluores-
band maximum for the TMSPM sample is shifted to about 360 cence transients of BP(Oklis very similar to that previously
nm. In the emission spectra, band maxima for the TMOS and reported for BP(OH)in liquid solution® In the latter case, on
TMSPM samples coincide at approximately 480 nm, whereas the basis of the time dependence of the fluorescence spectrum
that for the cyclohexane solution is red-shifted (by about 1200 as reconstructed from the measured fluorescence transients, it
cml). The steady-state absorption and emission spectra forwas discussed that intramolecular single and double proton-
BP(OH) in the sot-gel glasses are in good agreement with transfer processes occur in BP(QHh the excited state.
those reported previously by Eyal et?l. Likewise, we have measured fluorescence transients for BP-
(b) Femtosecond Up-Conversion Experiments.Figure 2 (OH), in the sol-gel glasses, as in Figure 2, in the detection
shows some typical fluorescence transients for BP¢QHI) wavelength range from 440 nm up to 620 nm, with 10-nm
TMOS and in TMSPM hosts at different detection wavelengths intervals. We used these data to reconstruct the fluorescence
(in the range 446620 nm) for a fixed excitation wavelength  spectra for BP(OH)in both sot-gel glasses, at different delay
of 320 nm of the pulses delivered by the OPA laser system andtimes, following the spectral reconstruction method described
using time windows of about 66 and 33 ps, respectively. The by Maroncelli and Flemin§® Briefly, as mentioned above, the
time-resolved fluorescence transients show a very fast (instan-experimental transients were fitted to a biexponential function
taneous) rise within the duration time of the laser pulses. This of the form of eq 1, convoluted with the system response
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Figure 3. Time-resolved reconstructed emission spectra of BP§OH) Figure 4. Decomposition of the difference emission spectra (full
in (a) TMOS and (b) TMSPM selgel samples at room temperature. ~ curves) of BP(OHinto the monoketo and diketo emission spectra in
Solid curves are the total emission spectra. Dotted curves are the(@) TMOS and (b) TMSPM seigel samples at room temperature. The
emission spectra of the diketo tautomer component formed instanta- full curves are identical to the difference spectra (dashed curves) of
neously from the dienol tautomer. Dashed curves represent the Figure 3. Dashed curves represent the emission spectra of the
difference between the total emission spectra and the instantaneouslyntermediate monoketo tautomer. Dotted curves represent the emission
formed diketo emission spectra. The delay times in ps are indicated in SPectra of the diketo tautomer formed from dienol via the monoketo
the panels. Open circles represent data points obtained in the spectralautomer.
reconstruction procedure and used for the log-normal fittings of the
spectra. spectral contribution and a short-living new spectrum, which is
considered to be representative of the fluorescence spectrum of
function. After being corrected for the wavelength dependence the monoketo tautomer. The short-lived spectra thus obtained
of the detection sensitivity, the spectrum at some delay time and their time dependences are illustrated by the spectra of
could be reconstructed point-by-point using the calibrated fits Figure 4. In this figure, the dashed spectra are representative
to the transients, obtained at the series of detection wavelengthsof the monoketo precursor to the diketo spectral product, the
To smooth the spectrum, the point-by-point spectrum was fitted dotted spectra are representative of the diketo product formed
to a log-normal shape function. The band spectra in Figure 3 from the monoketo precursor, whereas the full lines are identical
(cf. drawn lines in the figure) are illustrative of the thus-obtained to the difference spectra of Figure 3. It is found that the
spectra of BP(OR)in the TMOS (Figure 3a) and TMSPM  spectrum attributed to the monoketo intermediate has an
(Figure 3b) sot-gel samples, at different delay times. emission band maximum at 505 nm. Furthermore, the mono-
The high-energy part of the time-resolved emission band keto emission decays monoexponentially with a typical time
spectra, measured immediately after the pulsed excitation, constant of 5 ps for BP(OH)n TMOS and a somewhat shorter
appears to coincide with that known for the steady-state emissiondecay of 3 ps, when the solute is in TMSPM. For both samples,
of the diketo tautomer in liquid solutioi:26 We consider this concomitant with the monoketo emission decay, a rise of the
to be evidence that, at least in part, the observed emission isdiketo emission is observed with the same time constant. The
due to the diketo tautomer. We thus assume now, as was dongicosecond decay of the monoketo component and the con-
before® that the reconstructed time-resolved emission spectrum comitant rise of the diketo component effectively result in the
can be considered as a superposition of two parts, onetime-dependent blue shift illustrated in Figure 3. In summary,
component which is representative of an instantaneously formedthe spectral analysis of the femtosecond fluorescence up-
diketo tautomer emission (and which decays in several ns) andconversion transients for BP(OHh sol—gel glasses yields two
the other component being a new, hitherto not observed partspectral components that are formed instantaneossl@q fs);
which is the difference spectrum (dashed lines in Figure 3) of one (with a band maximum at 505 nm) is attributed to the
the reconstructed spectrum (full lines in Figure 3) and the monoketo intermediate, and the second (with its band maximum
extrapolated diketo spectral contribution (dotted lines in Figure at 480 nm) is representative of the diketo tautomer emission.
3). The difference spectrum has a typical dynamic shift of The monoketo intermediate has a lifetime of a few picoseconds
several ps, whereas the instantaneously formed diketo compo-and decays into the diketo tautomer.
nent decays only slightly on the picosecond time scale, in  (c) Temperature Dependence of Transients.The fluores-
accordance with its lifetime of a few ns. The difference (dashed) cence transients measured for both-sgpél samples with the
component clearly exhibits a blue shift as time progresses.  picosecond setup were also investigated as a function of the
Since, for increased delay times, the difference spectrum andtemperature. In these experiments, the excitation wavelength
the diketo spectrum become more alike, we propose (see alsovas 322 nm, the detection was at 460 nm, and the fluorescence
Discussion) that the difference spectrum initially is due to a was followed using a time window of about 5 ns after the
precursor species which decays into the diketo excited state asexcitation pulse. Typical results are given in Figure 5. From
time progresses. Eventually, only the emission of the diketo Figure 5a (for TMOS), it is seen that, as the temperature is
tautomer survives, that is, for times longer than about 20 ps lowered, the picosecond rise component that is after the
after the pulsed excitation. As discussed in Section 4, we instantaneous component and that is characteristic of the
attribute the short-living new emission, that precedes the diketo monoketo-to-diketo conversion, slows down. Moreover, we find
emission, to the emissive monoketo tautomer precursor of thea longer lifetime for the emissive state of the diketo tautomer.
diketo tautomer. To obtain the emission spectrum characteristic The measured transients convoluted with the response function
of this short-living monoketo tautomer, we have decomposed were fitted to eq 1, where; is the time constant of the mono-
the newly found spectra (dashed curves of Figure 3) into a diketo to-diketo reaction and; is the lifetime of the emissive diketo
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Figure 5. Picosecond fluorescence transients of BP(0#fa) TMOS @ (b)

and (b) TMSPM sotgel glasses at various temperatures. Excitation Figure 6. Femtosecond fluorescence transients of BPH)(a)

wavelength is 322 nm, and detection wavelength is 460 nm. The TMOS and (b) TMSPM setgel matrixes for various excitation

temperatures are as indicated in the figure. wavelengths, at room temperature. The excitation wavelengths are
indicated in nm in the figure. The emission is detected at 460 nm. The

tautomer. For BP(OH)in the TMOS glass (Figure 5a), the solid curves represent the best fits with the biexponential function given

time constant of the rise component increases from 5 ps to about" €41t the experimental points.

300 ps, when the temperature is decreased from room temper-_ . . . .

aturcf to about 220 Kp In the same temperature range FI-[)hepartlcular, the ratio of the amplitudes of the instantaneous and

lifetime of the diketo tautomer changes from 1.8 ns at room the rise components Increases as.the excitation energy Is
temperature to about 5.0 ns at 220 K. Below 220 K, the initial !ower_ed. As men'gloned above, the Instantaneous component
transparency of the TMOS segel glass disappeared, and the is att_nbuted to the ms_tantaneously formed dlketo_tautomer, and
sample became opaque. For TMOS samples that have ager#he rise component is due to the decay of the intermediately

for a few weeks, it is known that the pores of the-sgél glass ormed monoketo tautomer into the diketo form. Thus, the
contain residua{I amounts of solvent (basically water and change in the ratio of the amplitudes as the excitation energy is

methanolf:@ The observed opagueness t th lowe em- %14 TPIES 11 e formaton o e monlerd comporen
peratures may result from the freezing and cracking of the pp ’ ’ Y

solvent residues in the sejel. No solvent residues are present :L‘g ﬁ])écégefe?;e;n?:: L?Iig]tj %gl?tgi)]erf:l:gg'gil'(g:g%éigpni“so; \(/)(Tjre d
in the TMSPM sot-gel glass. This explains why the fluores- ’ ’
cence transients for BP(Okin the TMSPM glass (Figure 5b)

could be followed down to 5 K. No temperature dependence
was detected from room temperature down to 5 K, neither for  The fluorescence transients of Figure 2 are very similar to

the fast rise time component (3 ps) nor for the long lifetime  those observed for BP(Oin liquid solution. The picosecond
component (4.8 ns). decay when detection is on the red side of the emission band
(d) Excitation Wavelength Dependence of Fluorescence and the picosecond rise in the blue part of the emission exclude
Transients. Very recently, we reported a switch of the ESIPT a dynamic Stokes shift as the explanation for this variation of
mechanism in BP(OH) in liquid solution, when the excitation  the transients with the detection wavelength. On the contrary,
wavelength was chosen to be 380 nm instead of 267 niu. as discussed in Section 3c, the phenomena are compatible with
the lower excitation energies, it appeared that the two-step the occurrence of a short-lived new emission band, peaking at
process was suppressed, and when ultimately the excitation wa$s05 nm, with a lifetime of 5 ps for BP(OH)in the TMOS
at 380 nm, the yield of the stepwise double proton transfer was sample and 3 ps for the fluorescent solute in the TMSPM- sol
reduced to about 10% of its original value. We have now gel glass. Since the “new” transient emission band, with its
repeated these experiments for BP(@iH)TMOS and TMSPM maximum at 505 nm, decays into the eventual diketo emission
sol—gel glasses. Using the OPA laser system, the excitation (equal decay and rise times, respectively), it is most likely that
wavelength in the fluorescence up-conversion experiments wasthis emission band originates in a species that is a precursor of
varied from 300 to 390 nm. The fluorescence up-conversion the diketo tautomer. We propose that the emission is charac-
measurements were performed with the detection wavelengthteristic of the monoketo tautomer form of BP(QHt) sol—gel
maintained at 460 nm. At this wavelength, the emission is glasses. Alternatively, one might consider the possibility that
almost exclusively due to the diketo tautomer. Figure 6 shows the precursor state of the diketo emission is the dienol state
a few typical time-resolved fluorescence up-conversion tran- and that therefore the 505-nm emission would correspond to
sients for the TMOS and TMSPM samples. All transients show the normal fluorescence of BP(OH)n its dienol form.
an immediate rise (within the response time of the laser pulse) However, this would imply, on one hand, that the dienol excited
due to the instantaneously produced diketo tautomeric product.state would have a lifetime of several picoseconds since in the
The immediate rise is followed by a slower component due to stepwise reaction path the precursor state decays in a few
the conversion of the also instantaneously produced monoketopicoseconds (vide supra), and on the other hand, it follows from
tautomer intermediate into the diketo form, with a time constant the time-resolved experiments that the diketo form could be
of the order of a few picoseconds. A remarkable feature occurs formed instantaneously and that therefore the same dienol state
when the excitation wavelength is changed from 300 nm up to should decay within 100 fs. Obviously, the latter lifetime is
390 nm; the relative amplitudes of the two fluorescence inconsistent with the aforementioned lifetime of a few pico-
components, that is, the instantaneously formed and theseconds. Thus, to explain the occurrence of both an instanta-
picosecond rise components are is drastically affected. In neously formed diketo component and a diketo component

4. Discussion
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TABLE 1: Emission Band Maxima of the Monoketo (Awk)
and Diketo (Apk) Tautomers of BP(OH), Dissolved in -3.04
Cyclohexane and in TMOS and TMSPM Sot-Gel Glasses at
Room Temperature? 354

cyclohexane TMOS TMSPM g

4.0
Ak (nm) 568 505 505

Aok (nm) 510 480 480
71(pS) 10 5 3
72 (nS) 3.0 1.8 4.8

4.5

In(z,") (ps™)

5.0
2 The corresponding time constants of the mono-to-diketo reaction

(r1) and the lifetimes of the diketo tautomer) are also presented. 55

formed on a picosecond time scale, one needs to invoke a short- 0.0035 ) 0.0040 0.0045
lived intermediate state, with a lifetime of a few picoseconds, UT (K
which could provide for a second reaction pathway to produce Figure 7. Temperature dependence of the mono- to-diketo reaction
the diketo form. The most likely candidate for this precursor rate of BP(OH) in TMOS sol-gel glass. The squares are the
of the diketo form is, of course, the monoketo tautomer excited experimental points. The solid line represents the best linear fit.
state. This state was predicted in semiempirical calculations
to have its energy between that of the excited dienol and diketo Protic solvent molecules, even after a few weeks of agiH.
state? Moreover, we note that the position of the emission Inside the TMOS pores, the BP(OfHholecule may therefore
band maximum in the liquid almost coincides with that of the Still contain one or a few solvation layers, and therefore, the
BPOH molecule which, of course, is capable of only a single lifetime of 1.8 ns of the diketo state in TMOS should be
proton transfer in its excited state.We conclude that (i) the ~ compared with that of 1.0 A&for the solute in water solution
spectroscopic results for BP(OH sol—gel glasses are quite ~ OF 1.2 ns in methanol solution as measured.
similar to those for the same solute in liquid solution and that ~ As illustrated by the transients in Figure 5, upon the sample
(i) in particular from the excited-state dynamics results, the being cooled, the picosecond rise component slows down for
simultaneous presence of one-step and two-step processes cahe TMOS sample, but no such behavior is found for the
explain the double proton transfer. TMSPM sample. In view of the discussion given above, the
As summarized in Table 1, the positions of the maxima of temperature dependence of the fluorescence transients for the
the emission bands characteristic of the monoketo and diketo TMOS sample shows that in this case the rate of the monoketo-
tautomers, in both selgel samples, are blue-shifted with respect to-diketo reaction step is temperature dependent, whereas this
to the corresponding bands for BP(QHjissolved in cyclo- temperature dependence is absent in the TMSPM sample. Very
hexane. The results are suggestive of the weaker molecularrecently, we reported on the influence of the solvent layers
force fields exerted by the sebel surroundings on the BP-  surrounding the BP(OH)molecules on the proton-transfer
(OH), solute as compared to the situation of liquid soluib#? dynamics in liquid solutior. In aprotic solvents, the proton
For example, in the TMOS selel glass, the average pore size transfer dynamics remained unaffected when the solvent polarity
is about 26 A in diameté? and probably even smaller for or the viscosity was changed. By contrast, in protic solvents
TMSPM where the pores are partially filled by the organic the reaction rate constant decreased as the viscosity increased.
network. lItis likely that, because of the small size of the pores, As mentioned above, in TMSPM, the pore network is mainly
the BP(OH) molecules in sotgel are surrounded by only a filled by the propyl methacrylate groups3®4Sbut for TMOS
few layers of protic solvent molecules. This may be of influence sol-gel glasses, it is known that the pores contain small amounts
on the total solvent shift of the solute molecular energies. In of protic solvent moleculé$“’#8and the cage may be regarded
addition, McKiernan et at! demonstrated that a consistent blue as a hydroxylic environment for the silanol groids? It is
shift of the emission band occurs as the rigidity of the matrix likely, therefore, that the temperature effect on the proton-
increases. Casalboni et #l.observed a blue shift of the transfer dynamics in the TMOS sample can be attributed to the
emission band and an increased photoluminescence lifetime agnfluence of the protic molecules surrounding the BP(©H)
the average pore size decreases. We suggest that the rigiditynolecules. Apparently, the solvating protic molecules in the

may also affect the difference between liquid and—smsl TMOS glass still have motional freedom, and this, in fact, may
systems. not be significantly different from that in the bulk liquid. This
The blue shift of the emission band in the sgel with is also borne out by the temperature dependence of the decay
respect to the liquid solution is about 2200 ¢mfor the time 7. In Figure 7 we present an Arrhenius plot far A
monoketo and 1200 cm for the diketo. It is likely that, in linear dependence is obtained, and the extrapolated activation

liquid solution, the monoketo tautomer is more stabilized with €nergy is 15.4 kJ/mol. This value is somewhat larger than that
respect to the diketo tautomer because of its |a|’ger d|po|e for the activation energies found for the monoketo-to-diketo
moment3 From the different stabilization of the two excited ~conversion for BP(OH) dissolved in methanol, ethanol, or
tautomers, it may also be that the energy barrier separating theoropanol? For the latter, the activation energies were found to
monoketo excited-state minimum energy from the more stable correspond to the activation energies of the viscosity coefficient
diketo excited-state energy minimum is less in the-ggl than of the solvent. Possibly, the higher activation energy found in
in the liquid solution. This may account for the faster the sol-gel glasses is indicative of a stronger sticking within
monoketo-to-diketo conversion in the sajel host (5 ps versus ~ the solvent layers in the sebel pores as compared to the
10 ps) The lifetime of the diketo excited state may also be situation in the ||qU|d This increased “ViSCOSity" may reflect
affected by the rigidity of the cage which reduces the effective- the influence of the pore size on the solvent mobility.

ness of nonradiative dec&$36:3° This is compatible with the As is evident from the transients shown in Figure 6, for higher
longer lifetime of 4.8 ns in TMSPM, as compared to 3.0 ns in excitation wavelengths, the amplitude of the instantaneous
cyclohexane. For TMOS sebel glasses, the pores still contain  component in the diketo emission is enhanced as compared to
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the amplitude of the picosecond component. From the relative
suppression of the diketo product formed from the monoketo
intermediate, when applying lower excitation energies, it follows

that under these excitation conditions the amount of monoketo 104
tautomer has become less and hence also the amount of diketo
that can be obtained from it. Thus, the amplitudes of the 0.5
transients shown in Figure 6 can be considered as a measure of : (a)
the relative yield of the instantaneously formed monoketo and 0.0 e —————

the instantaneously formed component of the diketo tautomer, . 26000 28000 30000 32000 34000
respectively. The decrease in the yield of monoketo intermedi- <
ate when lowering the excitation energy obviously implies that °
in the trajectory for the dienol-to-monoketo reaction the system

passes an energy barrier. 1

At all excitation wavelengths, as before, the fluorescence 0,4J

transients could be fitted to the biexponential function of eq 1.

In the excitation wavelength range 30890 nm, the short-time

rise componentz;, was always found to be 5 ps for TMOS i I (b)
and 3 ps for TMSPM, and for the long-time decay component,
7o, values of 1.8 and 4.8 ns were obtained for the TMOS and ]
TMSPM samples, respectively. The drawn curves in Figure 6 Excitation energy (cm)

are illustrative of the best-fit results using eq 1. The propor- Figure 8. Ratio of the yields of the instantaneously formed monoketo
tionality constantsgy(4) andcy(4), are found to vary signifi-  (c2) and diketo ¢;) tautomers for BP(OH)in (a) TMOS and (b)
cantly with the excitation wavelength. In Figure 8, we plot the TMSPM sol-gel glasses. The squares represent the ratio as obtained
ratio, c1/c,, as deduced from the fittings for the applied excitation IL%mbLZ? fr;:ecﬁ\tj;esd ;L%%ﬁ?ﬁgr:geegags'ems' The solid curves represent
wavelengths, for the TMOS and TMSPM samples. Evidently, '

as the excitation energy is lowered, the magnitude of {f® c
ratio becomes smaller until for an excitation energy of 25 600
cm~1 virtually no monoketo can be resolved to decay into the
diketo tautomer. As mentioned, this is evidence for the
existence of an energy barrier in the first step of the two-step
reaction pathway, that is, the dienol-to-monoketo conversion.
Very recently, a similar phenomenon has been reported for BP- S .
(OH), in liquid solution? apolar liquid solutlon: o ' .

To estimate the height of the energy barrier in the aforemen- W& remark that in aprotic liquid solution a tunneling
tioned first step, we apply a simplified model in which we mechanlsm for the monoketo-tq-dlketo proton-transferstep was
assume tunneling through the barrier to be the main processPreV'OUS|¥ excluded on the'ba5|s of t.he lack of an isotope effect
involved in the dienol-to-monoketo conversion. We consider N the excited-state dynamiésin protic solvents, on the other

v T T T
26000 28000 30000 32000 34000

height, according to the simplified model, is approximately 300
cmL. For BP(OH), in apolar liquid solution, we have similarly
found previousl§ a barrier height of 600 cmd. Thus, consider-

ing the crudeness of the model, we estimate somewhat lower
barrier heights when comparing the activation energies for the
dieno-monoketo conversion step in the sgel with that in

a parabolically shaped barrier of the form hand, deuteration of the solvent hydroxyl groups produced a
slowing down of the monoketo-to-diketo proton-transfer dynam-
V=V, ,A¢ 2) ics; however, this effect turned out to be caused by the change
of the viscosity of the solvent, and no indication for a proton-
whereV; is the maximum potential energ@, > 0, andx is tunneling mechanism was found. Since deuteration did not
representative of the tunneling coordinate. Following ref 54, directly affect the proton-transfer dynamics, it was concluded
the expression for the permeabilitg, becomes that in BP(OH) the proton-transfer results from vibrational

mode motions for which the effective mass is determined by
G:{1-|-exp[znml’z(vo—\/\/)/hAl’z]}‘1 () many moving nuclei in the molecule and not just by the

hydroxyl protons. On the basis of the almost identical excited-
whereG is the ratio between the fluxes of the transmitted and state dynamic behavior of BP(OH)n liquids and sot-gel
incident tunneling particle, that i§§ = (kr/k))|At|2, whereky/ glasses, it is very likely that also in sefjel glasses the
k is the ratio of the velocities of the transmitted and incident intramolecular proton transfer is assisted by vibrational stretch-
particle andAr|? represents the particle density of the transmit- ing (for the concerted process) and bending (for the two-step
ted particle, W is the excitation energy. The plot of a best fit process) modes. A scheme summarizing some of the details
function, in accordance with eq 3, to the experimentally in the proton-transfer process in photoexcited BP(©OH)
determined values oti/c; versus the excitation energy, is TMOS is presented in Figure 9. In this picture, the excited-
included in Figure 8. The values of the parameters for the state potential energy surface is sketched as a function of two

plotted curves of Figure 8 atéy = 27 700 cn! and A/m = vibrational coordinates, these being most likely typical of
1.5 x 1030 572 for TMOS andVy = 28 000 cm! and A/m = stretching and bending modes. The concerted process is thought
4.3 x 10%° 52 for TMSPM. to be assisted by the stretching mode (coordinate along the

The 0-0 electronic transition for BP(OH)is estimated to diagonal of the ground face) and the consecutive process is
be at 27 400 cm! in liquid solution®> Since the absorption  triggered by the bending mode (coordinate along eithexe
band of BP(OH) in TMOS is not shifted with respect to the y-direction of the ground face). For the dienol-to-monoketo
absorption in cyclohexane (cf. Figure 1a), it is likely that the reaction in the two-step process, the activation energy is
0—0 transition in TMOS is at the same energy as in the liquid estimated to be 300 cm, whereas the activation energy for
solution. Taking the value fo as 27 400 cm! and the fitted the second step, the monoketo-to-diketo reaction (5 ps), is still
value of 27 700 cm? for Vp in TMOS, it follows that the barrier unknown.
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Figure 9. Sketch of excited-state potential energy surface for BP-
(OH), used to discuss the photoinduced double proton trangfées.
energy of initially excited dienol tautomer. The andy-coordinates
are illustrative of the bending mode displacements, giving the minima

representing the intermediate monoketo tautomer forms (labeled M),

J. Phys. Chem. A, Vol. 102, No. 45, 1998001

relaxation (IVR) is a very likely candidate for the additional
radiationless decay process. However, the different limiting
values forcy/c; in the TMOS and TMSPM samples suggest also
that coupling to the host material may influence the vibrational
relaxation dynamics in photoexcited BP(QHjoupling to the
more rigid network in TMSPM is apparently more effective in
the vibrational relaxation than the coupling to the layer of solvent
molecules in TMOS.
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