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Photoacid—Base Reaction in Ice via a Mobile L-Defect
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A time-resolved emission techniqgue was employed to study the photoprotolytic cycle of two photoacids
2-naphtol-6-sulfonate (2N6S) and 2-naphtol-6,8-disulfonate (2N68DS) in ice in the presence of a low
concentration of a weak base fluoride ion. We found that an additional proton-transfer process occurs in ice
doped with F ions. This reaction takes place between a mobile L-defect (created by statind} and the
photoacid. We used a diffusion assisted reaction model, based on the-Estpdéuchowski equation, to
account for the direct reaction of the L-defect with the excited photoacid.

Introduction protons (L-defect). The mechanism of excess proton transfer
. o in ice was investigated by Ohmine and co-workétssing the
Excited-state proton transfer (ESPT) from a photoacid is used QM/MM method. By analyzing the potential surface, the normal
as a .corrllrr;(:nliool to study various aspects of proton-transfer g qes and the interaction between the excess proton and the
reactions.™>"%" In previous _sturlj‘:es we used photoacids 10 gefects, they proposed that the excess proton is localized in an

transfer protons to the ice latti¢é.'* The photoprotolytic cycle | _gefect in ice. Podeszwa and B#élstudied the structure and
of a photoacid in liquid and in ice includes two steps: areactive g, namics of orientational defects in ice by molecular dynamics
step followed by a diffusive stefd.In the reactive step a proton i jjation. They found the defect structure to be quite different
is transferred from a photoacid to a solvent molecule. The proton ¢.0.\ the one originally proposed by Bjerruth.Two basic
then diffuses in the liquid solvent or in ice. The deprotonated q,cqyres were identified for the D-defect and one dominant
photoacid can recombine geminately with the diffusing Proton guycture was obtained for the L-defect. Typically, one water
and repopulates the protonated form of the photoacid. The molecule in an L-defect is displacedl A from the crystal

phqtoprotolytic (_:ycle can be e_asily monitored by time-r(_asolved lattice site. Defect jumps occur via vibrational phase coinci-
emission techniques. The diffusing proton can monitor the ..o

microscopic environment surrounding the excited photoacid . .
moleculep 9 P Many hydrophobic and hydrophilic compounds get excluded
Wat ' di . tant and uni terial when water is frozen. For example, when NaCl solution is frozen
ater and ice are important and uniqué materials on our y,o - 5rige jon gets incorporated in ice but the rejected sodium

plnet ) I waler i oze undr rorml StTosphre catons stay  quasiu yr ot h o s o
Y 9 Y Y the solutior?425In the solid phase, the dopants, like the organic

which is referred to akexagonal iceThe physics of ice was photoacids, tend to expel from the crystallites to the grain

xtensivel i ver man nturies. The properti fi . - . .
\?vetree zu;%z:rz{lg?nos;er; gogf?stll; l\/(la§n 0? tﬁeogﬁa(t:ter iscgl €€ boundaries and, as a consequence, the luminescence intensity
) y in frozen samples is strongly reduced. The net result is an

EL%pee(::Ig?ir?tfelrfn:;vzrgxuglrji?rL]J::\tz?g,rlgihzorree?clgl itgsgs;’ive;fio:funreliable time-resolved emission measurement in the ice-phase
) P 9 of both acid (ROH*) and base (R®) forms. The problem of

{lsl_r]i?ﬁ?gg:;aiﬁzb:gﬁgﬁgtjﬁi hl'ﬁg 3&::; rtlacl:aetl\glasgergl\t/tiglgg incorporation of the photoacid into the ice-phase was unnoticed
P . quid : P when a small amount of methanol 6f1% mole fraction was
a good example of electrical conduction by transfer of protons :

added to the solution.

which have mobilities of about the same order of magnitude as ) .
liquid water. Approximately at the freezing point, the conduc- In this study we explore the effect of methanol concentration

tancé? of ice is relatively large; however, it drops rapidly as in ice on the photoprotolytic cycle of a photoacid. The main
the temperature decreases. The theory of Jattadised to findings are that at a sufficiently low concentration of methanol
explain the electrical conduction and the dielectric properties 0-25-1% (of mole fracuc;n)_the change in the proton-transfer
of ice. According to Jaccard’s theory, the electrical properties fate is only by about 10% in the temperature range;ZDlD
of ice are largely due to two types of defects within the crystal K- At larger methanol concentration, more than 5% (mole
structure. (1) lon defects are produced when a proton movesfraction), the proton-transfer rate in methanol-doped ice strongly
from one end of the bond to the other, thus creating:@*H decreases as a function of the mole fraction of methanol.
OH~ ion pair. Conduction is then possible by means of  The main part of the present work is devoted to the study of
successive proton jumps. (2) Bjerrum deféktse orientational the photoprotolytic cycle in methanol-doped ice in the presence
defects caused by the rotation of a water molecule to produceof a small concentration of a mild base, the fluoride ion. For
either a doubly occupied bond (D-defect) or a bond with no this purpose we used two photoacids, 2-naphtol-6-sulfonate
(2N6S) and 2-naphtol-6,8-disulfonate (2N68DS). 2N6S is a

* Corresponding author: Dan Huppert. E-mail: huppert@tulip.tau.ac.il. Weak phOtoaCid K* ~ 2.0 whereas 2N68DS is a strong
Telephone: 972-3-6407012. Fax: 972-3-6407491. photoacid K* ~ 0.7. At room temperature the proton-transfer
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Figure 1. Time-resolved emission of ROH of 2N6S, measured at 360 nm in 5 and 10 mM of KF methanol-doped ice at different temperatures.

time constant of these photoacids in the excited-state is 800resolved measurements, the sample temperature was kept for
and 50 ps for 2N6S and 2N68DS respectively. In fluoride doped another 30 min at about 250 K.

ice we found that the rate of proton transfer increases in both

photoacids in the temperature range 2@@0 K. Results

Time-Resolved EmissionFigure 1 shows the time-resolved
emission acquired by a time-correlated single photon counting
We used the time-correlated single-photon counting (TCSPC) technique of ROH the protonated form of 2N6S, of three

technique to measure the time-resolved emission of the photo-samples at various temperatures in the region of 200 K <
acids. For sample excitations, we used a cavity dumped Ti: 300 K. The first sample contains the photoacid in ice doped
sapphire femtosecond laser, Mira, Coherent, which provides with 1% (mole fraction) methanol in the absence of fluoride
short, 80 fs, pulses. The laser harmonics SHG and THG (third ion, while the second and third samples also contain 5 and 10
harmonic generation) operate over the spectral range of 380 mM KF respectively. The samples were excited by 270 nm 250
400 nm, and for THG 266290 nm. The cavity dumper operates fs pulses (THG of a mode locked cavity dumped Ti:sapphire
with the relatively low repetition rate of 500 kHz. The TCSPC laser) at a repetition rate of 500 kHz. As seen in the figure, for
detection system is based on a Hamamatsu 3809U, photomul-a particular temperature the fluorescence decay curves of the
tiplier and Edinburgh Instruments TCC 900 computer module samples containing 5 and 10 mM KF differs from the sample
for TCSPC. The overall instrumental response was about 35 pswithout it. The long time nonexponential tail is strongly reduced
(fwhm). The excitation pulse energy was reduced to about 10 in samples containing 5 and 10 mM KF. We explain this
pJ by neutral density filters. phenomenon by the efficient reaction of the mobile proton in
The 2N6S and 2N68DS of analytical grade were purchasedice with the static F surrounding the excited photoacid
from Kodak. Potassium fluoride was purchased from Fluka. For molecule, or by the mobile L-defect created by anién (L-
transient measurements the sample concentrations were betweetlefect properties are described in the discussion section). The
2 x 10 and 2x 107° M. Deionized water had a resistance of average distance of armrFon from an excited photoacid (very
>10 MQ. Methanol, of analytical grade, was purchased from small concentration) is about half of the average distance
Fluka. All chemicals were used without further purification. The between the Fions, which is 55 A for a 10 mM solution. Thus,
solution pH was about 6. the proton scavenging reaction takes place at an average distance
The temperature of the irradiated sample was controlled by of about 10 water molecules from the photoacid itself (theCD
placing the sample in a liquid\tryostat with a thermal stability ~ distance in hexagonal ice is 2.75 A). The time-resolved data
of approximately+ 1.5 K. can be fit by the reversible-geminate recombination model with
Ice samples were prepared by first placing the cryogenic the inclusion of a proton scavenger in solutféén(see the
sample cell for about 20 min at a temperature of about 273 K. discussion section for a brief description of this model).
The second step involved a relatively rapid cooling (10 min)to  In addition to the reduced long-time fluorescence tail, one
a temperature of about 250 K. Subsequently, the sample freezegan easily observe that in ice the initial fast and nearly
within 5 min. To ensure ice equilibration, prior to the time- exponential decay rate is also enhanced in the presence of 5

Experimental Section
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Figure 2. Time-resolved emission of ROH of 2N68DS, measured at 380 nmin 5, 10, and 20 mM of KF methanol-doped ice at different temperatures.

and 10 mM KF. In liquid water at room temperature the proton- peratures in the temperature region of 180<KT < 300 K.
transfer rate constant of 2N6Skst = 1.2 ns'%, and thus the One of the samples does not contain KF whereas the other
proton is transferred with a time constant of about 800 ps. In samples contain 5, 10, and 20 mM KF. In the liquid state the
previous studied’ we found the proton-transfer rate constant presence of small concentrations of KF affects only the ROH
in ice at about 268 K is smaller by a factor of approximately fluorescence long-time tail that arises from the geminate
2.5,ker= 0.5 ns'L. The temperature dependencekgfof 2N6S recombination process. The proton is first transferred from the
and other photoacids in ice is quite complex. In the high- photoacid to the solvent. The diffusing proton in solution is
temperature region of 240 K T < 270 K, the temperature  subsequently trapped by the reaction

dependence dfpr is large, but not constant. At about 245 K,

the value ofket of 2N6S~ 0.1 ns! and is about the same as H3OJr +F —HF+H,0 (2)

the radiative rate constant 4y ~ 8 ns). A simple relation

connects the relative fluorescence intensities of the two bandslIn liquid the proton transfer to the solvent is a fast process and
with the excited-state proton-transfer rate, and the radiative ratesthe direct proton-transfer process can be detected only at large

are given by KF concentrations of > 0.25 M
F +ROH —HF+RO™ 3
9'lo = %T (1) | | @
ad The direct reaction shortens the early decay-time of the ROH

) time-resolved emission signal. The overall decay time, is
where ¢ and ¢' are the fluorescence quantum yields of the given by

protonated and deprotonated forms of the photoacid respectively.

ket and ko are the rate constants for the proton transfer and s = Kop + kg + Kog 4)

for the radiative process respectively. Thus, the efficiency of

the photoprotolytic process strongly reduces at low temperaturewhere kg is the direct reaction of the proton transfer to the

whenkpr < kiage At 220 K < T < 270 K in ice containing 10 fluoride. In the liquid state at anFbase concentration of 10

mM KF the rate of proton transfer from 2N6S is much larger mM the direct proton transfer is not observed.

than in ice samples in the absence of KF. Below 210 K the  Figure 3 shows the time-resolved emission of the' Rand

proton-transfer rate to the solvent and the direct proton transfer of 2N6S of three samples at several temperatures measured at

to an L-defect are much smaller than the radiative rate and hence440 nm about the peak position of the R&mission band. The

both proton transfers cannot be observed by a time-resolvedsamples are slightly acidic and the excitation wavelength is at

emission technique (see Figure 1). 270 nm, within the ROH absorption band. The first ice sample
Figure 2 shows the time-resolved emission of ROH in the does not contain KF, whereas the second and third samples also

protonated form of 2N68DS of four samples at various tem- contain 5 and 10 mM KF. The liquid samples at 290 K and the
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Figure 3. Time-resolved emission of ROof 2N6S, measured at 440 nm in 5 and 10 mM of KF methanol doped at different temperatures.

ice samples at 260 K show a rise-time followed by an emission of samples containing KF consists of two emission
exponential decay with a lifetime of about 12 ns, corresponding bands, that of ROH and that of RO

to the excited-state lifetime of the RGorm. The rise-time of Figure 4 shows the time-resolved emission of the R@nd

the RO™ emission signal fits the decay time of the ROH form. of 2N68DS at several temperatures measured at 470 nm close
In the liquid the rise-time is determined by the ESPT to the to the RO emission peak. The signals of samples contain 5,
solvent and by the ROH excited-state lifetime. In the solid the 10, and 20 mM of KF are compared with that of a sample
rise-time rate is also determined by the reaction between thewithout KF. As seen in the figure the rise-time of the
mobile L-defect and the photoacid. At 290 K (liquid) and 260 fluorescence signal depends on the KF concentration. This result
K (ice) the relatively small difference between the effective fits nicely the faster decay rate of the ROH band in the presence
decay time of the ROH in the absence and in the presence ofof KF in methanol-doped ice.

KF is not large enough to affect the rise-time of the R@t a The Effect of Methanol. Figure 5 shows the effect of
temperature of 241 K the rise-time of the samples containing methanol concentration on the time-resolved emission signal
KF is faster than the one of the samples in the absence of KF.of the ROH of 2N68DS in methanol-doped®l ice. As seen

It is also noticed that the signal of the “pure” sample exhibits in the figure the effect of methanol concentration in the low
a large fast component of relative amplitude of about 0.35, methanol concentration range of 0:26% mole fraction is not
whereas the signals of the samples containing KF show muchlarge at all temperatures including the liquid state. As the
smaller amplitudes of about 0.22 than of the fast component. methanol concentration gets smaller the proton rate becomes
The fast component arises from the contribution of the ROH larger. The difference in the rate constant that is determined
band due to the overlap of the two bands (the ROH and the from the initial slope is not large, and is of the order of about
RO") at 440 nm (the peak of the RCband). In the case of a  10%.

low temperature, wherker < ki, the relative amplitude of the Figure 6 shows the effect of methanol concentration on the
fast component increases in the signal measured at the RO time-resolved emission of the ROH of 2N68DS in methanol-
peak. In the extreme case of a very low temperature wkaere  doped HO ice in the presence of 5 mM KF. In the liquid state,
< ki, the signal only consists of the contribution of the ROH. at the short times the decay curves of the ROH are almost
The decay time of the ROH signal at a temperature below 230 unaffected by the presence of KF. In ice in the presence of KF
K is about that of the excited-state lifetime~ 8 ns. Signals  the effect of methanol concentration on the short time decay
measured at low temperatures of 210, 222, and 232 K showrate of the ROH signal is large, much larger than in the absence
that the direct proton transfer from the photoacid to the solvent of KF. As the methanol concentration gets larger the change in
is very slow and hence the process is inefficient within the the decay rate of the ROH signal between samples with and
excited-state lifetime. The steady-state emission of a pure samplewithout KF becomes smaller. This effect is qualitatively
consists only of the ROH band. The time-resolved signal of a explained as follows. The mobile L-defect created by the weak
pure sample at 440 nm consists of a fast rise-time followed by base, the F anion, reacts with methanol to form a localized
an exponential decay time of about 8 n§" = 8 ns) rather L-defect attached to a methanol molecule.

than 12 ns aﬁf = 12 ns) in the samples containing KF. In Figure 7 shows the time-resolved emission of the ROH band
contrast to the signal shape of a pure sample the signals ofin methanol-doped ice at various methanol concentrations of
samples containing KF show a rise-time that depends on thetwo samples; that of 2N68DS in the presence of 5 mM KF and
KF concentration. At these low temperatures the steady-statefor comparison a sample in which KF is absent. The comparison
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Figure 4. Time-resolved emission of ROof 2N68DS, measured at 470 nm in 5, 10, and 20 mM of KF in methanol-doped ice at different
temperatures.
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Figure 5. Time-resolved emission of the ROH band of 2N68DS in methanol-doped ice sample of various methanol concentrations.

between the two decay curves enables to observe the effect 0fL0%) the emission decay curves of the ROH in the ice phase
methanol concentration on the direct proton-transfer reaction (at all temperatures studied) of samples with and without KF

between the mobile L-defect and the excited ROH form of the are almost identical. The results of the high methanol concentra-
photoacid. The smaller the methanol concentration the largertion samples indicate that L-defects are either trapped in these
the effective reaction rate of the mobile L-defect with ROH. In samples or the local methanol concentration surrounding the
the extreme case of large methanol concentration (3.5% andphotoacid is large and therefore prevents the proton-transfer
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Figure 6. Time-resolved emission of the ROH band of 2N68DS in methanol-doped ice of various methanol concentrations in the presence of 5

mM KF (see text).
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Figure 7. Time-resolved emission of the ROH band of 2N68DS in methanol-doped ice of samples at 222 K of various methanol concentrations.
The upper curve in each panel is of a pure sample, whereas the lower curve is of a sample that contains 5 mM KF. Note that at large methanol

concentrations, the two decay curves are almost identical.

process from the photoacid to the L-defect. In pure methanol ice is known to be a bad solvet#tlt occurs that upon controlled

liquid solution at room temperature the excited-state proton-
transfer rate to the methanol solvent is very small. From time-

slow freezing most of the dopants are extracted out of the crystal
and therefore concentrates at the grain boundary. In our initial

resolved and the steady-state data we estimate that the rate igxperiments on the photoprotolytic cycle of the photoacid in

about 10 times slower than the radiative riagtg = 0.12 ns?,

pure icet?~14 we noticed that the frozen samples are nonfluo-

i.e. about 1000 times smaller than in pure water. Thus, if the rescent, while for the liquid samples the fluorescence is at least

photoacid is completely surrounded by methanol, both proton-

transfer reactions are prevented.
Characterization of the Position and Average Distances
of Photoacid Molecules in Polycrystalline Ice Sample®Rure

3 orders of magnitude more intense. We explained the lack of
fluorescence of the photoacid in “pure” ice samples by the
aggregation of the photoacid molecules at the grain boundary.
Dimerization of two photoacid molecules causes the annihilation
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of the overall transition dipole moment which will lead to the

3000000 4 Uranin

reduction of the fluorescence intensity. We found a procedure | Emission Spectrum Uranin and Naphtholate

to overcome the aggregation of the photoacid molecules upon 25000004 3

sample freezing. To prevent the aggregation we added to a pure & 1

agueous solution 1% of methanol (by mole ratio). The methanol § %

probably serves as a mediator between the hydrophobic aromatic £ ;<0000

rings of the photoacid with the ice water molecules. In numerous = ]

experiments we found that the fluorescence intensity of the 1000000

frozen methanol-doped ice sample containing the photoacid is <00000.]

“behaving properly”. 1 /\
Here we list a set of spectroscopic parameters of several 3 S — e

photoacids in methanol-doped ice that indicate that the photoacid

molecules are indeed in the bulk of the polycrystalline sample 300000+ Excitation Spectrum  ——vrann Naphtholate

and not at the grain boundaries: 25000000 ]

1. The time integrated fluorescence intensities (the steady- ]
state spectra) of both ROH and R®ands of the photoacid 20000000 -
are about the same as for the liquid-state samples.

2. The spectroscopic structures of the steady-state emissior
of the ROH and RO bands in ice are similar to the liquid state
except for (as expected) a small blue shift and a smaller
bandwidth (these parameters are temperature dependent). Whe 5000000
both the methanol and the photoacid are excluded while water o
is frozen, the methanol provides a uniform solvation surface 00 350 400 450 S00 550 600 650
region and the spectroscopic data of the photoacid are expectec Wavelength [nm]
to be more like those of a photoacid in bulk methanol, rather rigyre 8. (a) Steady-state emission spectrum of two samples: uranin
than those of water. In a methanol solution the proton-transfer in water and a mixture of donor (2N68DS) and acceptor (uranin). (b)
rate is slower than in pure water by a factor of about 1000. The Excitation spectra of the same solutions as in part a.
width and position of the ROH and RMands strongly depend ) ) ]
on the solvent. In methanol the RMand is blue-shifted by spectral overlap integral. The time dependence of the excited-
about 500 cm® and the width decreases by about 300-ém  State population of the donor surrounded by a homogeneous
This is clearly not the case based on the spectroscopic propertieéj'smb“t'o” of acceptors in a bulk material like liquid solution

15000000 <

rescence

10000000 <

Fluo

of a photoacid in frozen methanol-doped ice samples. and possibly bulk ice is given by
3. The repeatability and the reproducibility of the steady- 3 3 N
state emission spectra as a function of temperature are excellent, p(t) = exp[— 75 — g4/37  N,R(t/7p) "] (8)

as was measured by us for several hundred samples. ) )

4. Time-resolved emission measured by the time correlated Wherena is the number density of the acceptor= (3/2&°01",
single photon counting technique of photoacids in methanol- #°0is an averaged orientation factor usually takeriz&gl=
doped ice at a large temperature range is exactly reproducible2/3- . .
with all the fine details of the complex decay pattern along many  When the photoacid molecules are at grain boundary and not

orders of magnitude. in the bulk, the average distance between adjacent molecules
5. X-ray diffraction of a methanol-doped frozen water samples 1S much smaller than in the case when the same amount of
(270-100 K) shows a polycrystalline diffraction pattern. photoacid molecules are homogeneously distributed within the

Determination of the Average Distance of the Photoacid ~ Microcrystals. The Fister electronic energy transfer procéss
Molecules in Polycrystalline Methanol-Doped Ice Samples. IS Very sensitive to the distances betv_veen the_ donor and the
We performed electronic energy transfer experiments to better @ceptor and may be used to characterize the distances between
characterize the position of the photoacid in the methanol-dopedMolecules in frozen samples. We calculated the average distance
samples. Electronic energy transfer (EET) is a well studied betweer_l molecules for a sample that f(_)rms cubic m|c_rocrystals
photophysical process, involving dipolar interactions between ©f the size of 1Qum and a concentration of photoacids of 1

two chromophores. Fster showe# that the energy transfer ~MM. The bulk average distance is about 100 A while at the
rate, ke, has the following form grain boundary the average distance between photoacid mol-

ecules is about 5 A. Thus the EET process for the two extreme

6 cases of the position of the photoacid in the ice sample described
Ker = 1 + i (5) above should show large differences.
T 1 rﬁfD The experiments described below indicate that the denor
acceptor distances in liquid aqueous solution are also preserved
6 9000(In 10)° in the polycrystalline ice samples. Figure 8a shows the steady-
- M (6) state emission of two samples in aqueous solution; a sample

that contains only the acceptor and a solution that contains both
the donor and the acceptor at the same concentrations as the
separated samples at room temperature. The donor in the EET
experiments is a photoacid, 2-naphtol-6,8-disulfonate (2N68DS)
wherer is the donofr-acceptor distancep is the spontaneous in its deprotonated form RO The pH solution is set to be
emission lifetime of the donon is the refractive index of the  slightly basic at pHx 9 (pK ~ 8.3). For the EET acceptor we
medium between the donor and acceptdg, is Avogadro’s used dissodium fluorescien (uranin) with its absorption band
number,«? is the orientational factor, andlis the normalized peak position at 495 nm. We also used Rhodamine 110 as the

I= [ H(R)e()A" d (7
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acceptor. Rhodamine 110 absorption and emission is slightly § .....
red-shifted with respect to that of uranin. The excitation 2 g2
processes start with the excitation of the R@rm of the ]
photoacid at 380 nmeggo= 1 x 10* M~ cm2). The absorption P VP
cross section of the uranin acceptor at 380 nm, is effi"™ 0 5 10 15 20 25 30
= 1000 Mt cmL. From the overlap of the ROemission of Time [ns]

2N68DS with uranin absorption we deduced that the critical rigyre 10. Time-resolved emission at several temperatures of a donor
EET distancéR, for RO~ as the donor and uranin as the acceptor acceptor system: (a) RGband of 2N68DS measured at 480 nm; (b)
is rather large, beinB = 55 A. The electronic energy transfer  uranin emission band measured at 540 nm.

rate for 0.3 mM uranin solution is quite efficient and this is
clearly seen in Figure 8a, where the intense emission band at
515 nm is composed of the uranin signal emission of about
85%, and only 15% of the emission of the R®and. Figure 0.8
8b shows the excitation spectra for the emission collected at
540 nm, which is about 25 nm red-shifted from the peak of the
strong emission band of uranin. The excitation spectrum clearly ]
shows that the major part of the 515 nm emission is generated= .4
by the RO excitation at around 380 nm and to a lesser extent
by direct excitation of uranin. The similarity between the
absorption and the excitation spectra suggests an efficient energy
transfer process.

Figure 9 shows the steady-state emission spectra of a liquid
and ice samples containing the photoacid and a small concentra: 104
tion of acceptor uranin (about 0.3 mM). The emission spectrum 1
of the sample clearly shows that the uranin emission band at 0.8
515 nm is also dominant in the ice phase.

Figure 10 shows the time-resolved emission measured at two
wavelength of the ice sample at several temperatures containing
both 2N68DS (donor) and uranin (acceptor). The figure shows
the time-resolved emission measured at 480 nm (the donor, the
RO~ band), and at 540 nm the uranin band. The emission at 024
540 nm is mainly that of uranin (peak wavelength at 515 nm)
with some contribution of the ROband of 2N68DS due to

1.0+

g
E 0.6
g X

265 K * 480 nm data
480 nm fit

* 540 nm data
540 nm fit

0.6

Fluorescence

0.4
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band overlaps since the R®and peak position is at 475 nm. 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
We observed that the signal rise time at 540 nm attributed to
the uranin acceptor emission at high temperatures is about the Time [ns]

same in both the liquid and the solid phases at the temperatureFigure 11. Time-resolved emission at several temperatures of a eonor
range 290> T > 255 K. We explained that it arises from the acceptor sample. The solid curve is a fit using eq 8 (see text) of data
efficient EET between the ROof 2N68DS and the uranirR shown in Figure 10: (a) ROband of 2N68DS measured at 480 nm;
~ 55 A). (b) uranin emission band measured at 540 nm.

Figure 11 shows the time-resolved emission of the ®@nd of the sample in the absence of uranin is almost exponential
of 2N68DS. The figure shows the signals of two samples, the with a lifetime of about 12 ns. As seen in the figure, the signal
first sample containing only 2N68DS (no EET process) while from the sample where the EET process takes place decays
the second sample contains also about 0.3 mM uranin. The decalightly faster at short times whereas at long times the rate is
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similar to the sample without uranin and thus the overall signal 1.0
is nonexponential. We used the EET time dependent equation
(eq 8) to fit the experimental signal (solid curve). The equation
predicts a square root dependence on time with the EET proces:
taking place in a homogeneous distribution of acceptor mol-
ecules in a three-dimensional bulk material.

EET on Hollow Glass SpheresWe used the Fster donof-
acceptor electronic energy transfer process to evaluate th ]
distribution of large molecules on polar surfaces. We used for 024
that purpose a commercial micrometer size hollow glass sphere
(SiOy) (Aldrich, CAS 65997) of an average size of ifn to o0
mimic the grain boundaries of polycrystalline ice samples. In
the case where the photoacid dopants are excluded from the
bulk ice upon freezing, it is expected that they will be present
at the microcrystal grain boundaries. For these experiments we
used 8-hydroxy-1,3,6-pyrenetrisulfonate (HPTS) as the EET
donor and rhodamine 110 as the proton acceptor. We coated
the glass sphere sample with the donor and acceptor by sprayin¢
50 mg of glass sample with a few drops of methanolic solution
(~30 uL of 1074 M solution) of the two dopants.

Both the donor and the acceptor fluoresce strongly when the 0.2+
glass sample is wet. Dry samples do not fluoresce. We estimate
that the fluorescence intensity drops by at least 4 orders of 0.0 T B N
magnitude. We observed similar fluorescence intensity reduction

of photoacids when a liquid water photoacid sample froze upon ) o
cooling and formed polycrystalline ice. Figure 12. Time-resolved emission of anthracene-tetracene samples

. . . coated on hollow glass spheres: (a) emission of the anthracene band
We interpreted the strong fluorescence reduction in pure ice (donor), measured at 430 nm along with a fit using eq 8; (b) emission
samples as resulting from the exclusion of the photoacid of the tetracene band (acceptor), measured at 540 nm along with

molecules from the bulk of the microcrystal and their aggrega- calculated fit using eq 8.
tion at the grain boundaries. Dimerization of two photoacid

molecules causes the annihilation of the overall transition dipole Discussion

moment which leads to the reduction in the fluorescence
intensity. We found that in order to overcome the aggregation te

of the photoacid molecules upon sample freezing, it is enough proton-transfer rate from 2N6S K ~ 2.0) is larger in the

to add to a pure aqueous solution 1% of methanol (by mole yresence of KF than in the absence of KF. For 2N68DS (a strong
ratio). The methanol mediates between the hydrophobic aromat'cphotoacid, K* = 0.7) the temperature range for the direct

rings of the photoacid and the ice-water molecules. We found proton transfer extends to much lower temperatures,
in numerous experiments that the fluorescence intensity of thej e. 270 K> T > 185 K. The change in the time-resolved

photoacid in the frozen methanol-doped ice sample is similar flyorescence decay curve of the ROH form of a sample in the
to the liquid state. presence of KF (ZT be fit by an irreversible binary-collison
For further evaluation of the EET process on model surface

of microcrystalline ice (hollow glass spphere) we used nonpolar mod?IL + ROH — LH" + RO™ where L-defect produced
acenes molecules as donor and acceptor. We chose anthracelpey F. ) o
as the donor and tetracene as the acceptor. The critical radius Ina previous study we mgasured the proton transfer in ice
is rather smallR, ~ 26 A for this pair. Unlike the polar gnq the geminate rgc.omblnatlon'rates from HPTS a'?d 2N68DS
photoacid uranin pair, both the nonpolar donor and acceptor'n liquid water and in ice at the high-temperature region of 240

< T < 270 K containing a small amount of a weak base-
(anthracene and tetracene) fluoresce on the dry glass sphere ike acetate or fluorid@® We found that both the acetate and

Parts a and b of Figure 12 show the time-resolved fluores- {he fyoride anions can react with a proton that was first

cence of a sample of hollow glass sphere coated with anthracengyansferred to the liquid water or to ice by an excited photoacid.
and tetracene. The sample was excited at 380 nm, the red edg&he proton in ice diffuses and may react with the weak base in
of the anthracene band. Figure 12a shows the emission of thene jce. It was found that the proton scavenging effect in ice is
anthracene measured at 430 nm of two samples one with bothmych larger than that in the liquid state. Below, we briefly
the donor and the acceptor and a sample where only anthracengescribe the model of a reversible photoprotolytic cycle of a
is coated on the glass surface. We used the EET process (eq 8)hotoacid that also accounts for the proton scavenging in the
to fit the time-resolved fluorescence of the anthracene in the ice by F ions.

presence of the tetracene acceptor. The solid line is the computed Reversible Diffusion-Influenced Two Step Proton-Trans-

fit. Figure 12b shows the fluorescence of tetracene on the glassfer Model with Inclusion of a Proton Scavenger in Solution.
sphere of two samples; the first sample contains both the donor|n this model1-2230the photoprotolytic cycle in the excited-
and the acceptor and a sample where the tetracene was directlgtate is subdivided into the two consecutive steps of reaction
excited in the absence of anthracene. The solid line in the figure and diffusion. The mathematical and computational details are
shows the computed fit using eq 8 for the EET process with given elsewheré®3! It is based on solving of the Debye

the same parameters used to fit the donor decay (the anthracenesmoluchowski equation (DSE) coupled to an ordinary chemical
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The main findings of this study are as follows: In ice at the
mperature range of 270 K T > 220 K, the excited-state
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kinetic equation. The emitted proton, while diffusing in liquid doped ice at the temperature range of 246K < 185 K. In

solution or in ice may react with a mild base like acetate or the pas® in liquid solution we used a model to describe the
fluoride anion. The reaction is easily observed as a strong direct reaction of a base molecule at a large concentratian of
reduction of the intensity of the ROH long time fluorescence > 0.5 M with an excited photoacid molecule. Such a reaction

tail. is similar to the reaction occurring between an excited-state
To account for the proton reaction with the base anion we photoacid and an L-defect created byibns incorporated at a
introduced a special bimolecular reaction téfiihe negatively ~ lattice site of hexagonal ice. Below, we briefly describe the

charged F is not evenly distributed around the negatively model. A more detailed description is given in ref 31 and
charged photoacid molecule in the ground electronic state. Asreferences therein.

a consequence we used the Debiickel screened Coulomb The Smoluchowski Model. The mathematical and compu-
potentiat? to account for the presence of KF in ice. tational details of the Smoluchowski model are given else-
Direct Proton Transfer from an Excited Photoacid to Ice where? According to the Smoluchowski model, the survival

in the Presence of a Fluoride lon.We propose that in the  Probability of a single (static) donor (here, ROH*) due to its
presence of Fin methanol-doped ice, a direct proton transfer ifréversible reaction with @ = [B~] concentration of proton
occurs from the excited photoacid to a mobile L-defect created @cceptors (in this study L-defect) is givenhy®

by a fluoride. The fluoride ion creates a mobile L-defect that is

capable of reacting with an excited photoacid. L-defect mobility St) =exp(—c fot k(t') dt’) 9
exhibits a low activation enerdgi,and it is thus able to approach
the excited photoacid, even at very low temperatures. wherek(t) is the time-dependent rate coefficient for the denor

The electrical properties of ice are sensitive to small acceptor pair
concentrations of certain impurities that can be incorporated into
the hydrogen-bonded network to generate a point defect. HF is k(t) = kpip(ast) (10)
the classical example. An HF molecule is substituted to #D H
molecule in an ice hexagonal structure, leaving one bond which ywhose proton-transfer rate constantkis. The pair (ROH*/
lacks a proton. A rotation of an4® molecule next to it adds  B-) density distributionp(r,t), is governed by a Smoluchowski
a proton on this bond and an L-defect is released into thé&ice. equation [diffusion in a potentidl(r)] in three dimension&’
L-defects are mobile and react withs®" and probably with We solved the Smoluchowski equation numerically, using a
strong and mild acids or acidic sites in ice. The literature value yser-friendly Windows application for spherically-symmetric
of the mobility activation energy ranges from 0.23*8Vo diffusion problems (SSDP, version 2.8%j0 yield k(t) in eq 9.

almost zerd? The value of the mobility of an L-defect at 218 For U(r) = 0, it is possible to solve the above equations
Kis 2.5x 109 m? V! s™tand compares to a high-temperature analytically fork(t).3 This is no longer true wheb(r) = 0. In
proton mobility at 263 K 2.8« 108 m? V-1 57118 this case, SzaBbfound an approximate expression for the time-

There are two reactions of L-defects that take place in doped dependent rate constant:
ice with photoacid molecules:

The first reaction of the L-defect is when the proton is 4nDake M@ kere @ .y
released from the excited photoacid to the ice structure by akl) = ——52 D 1+ 47Da, e Perfc[(yDt)"
laser light pulse. At first the proton is transferred to nearby water Kpre % (11)

molecules surrounding the photoacid. The second step is proton
diffusion in the ice crystal. The proton may react with an \herey is given by
L-defect created by For recombine geminately with the RO

form of the photoacid to reproduce the ROH* that can start ke Te—ﬁU(a)
another photocycle. Since the L-defect is mobile the proton y = 3;1 1+ — (12)
scavenging process is more efficient than the staticefacting 4nDa,

with the mobile proton. If the scavenging reaction rate is

diffusion-controlled then the reaction rate is determined by the erfc is the complementary error function aagis an effective

mutual diffusion constanD = Dy; + D.. The diffusion radius.

constant of an L-defect in ice is of the same proton order and  Equation 11 is exact when the potential is zero, Lez 0

hence the proton scavenging rate constant is larger by about é2nda. = a. When a potential is introduced, it behaves correctly

factor of 2. This evidence can explain the large scavenging rateat botht=0 andt=co

in ice, which was found to be larger than in liquid water from

our previous study. K(0) =kore Y@ k(o) =[k(0) "+ k7t (13)
The second reaction of the L-defect in &oped ice is a direct

proton transfer from the excited photoacid itself. At sufficiently wherekp = 4nDac is the diffusion-control rate constant. The

low temperatures in methanol-doped ice, the conventional nonexponentiality inSt) is a result of a time-dependent rate

proton-transfer rate from an excited-state photoacid 40 i$ constant(t), as depicted by the ratio

much slower than at the highest ice temperatur€ sf270 K.

At about 240 K the proton-transfer rate constant from 2N68DS k(0)/k(e0) = 1 + k(O)ky = ya,

to ice is about 19s~1 compared to about ¥ 10° s~ 1 at 270 K.

At such a low rate constant (time constantdf ns) the L-defect From the time-dependent rate const&(t), one can calculate
mobility is sufficiently large enough to enable even the small the survival probability of an ROH* molecule surrounded by
concentration of L-defect (created by a few mM fens) to an equilibrium distribution of ions. To account for the conven-

reach the protonated photoacid within the excited-state lifetime. tional ESPT process and the pure radiative lifetime of ROH,
The proton is being transferred directly from the photoacid to which occurs in parallel and supposedly independently from
the L-defect. Such a scenario occurs efficiently in 20 mM F  the reaction in eq 9, we write
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Figure 13. Time-resolved emission of the ROH* band of 2N6S measured at several temperatures along with computer fits: (dots) experimental
data; (solid line) calculated fit using our model.
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Figure 14. Time-resolved emission of the ROH* band of 2N68DS measured at several temperatures along with computer fits: (dots) experimental
data; (solid line) calculated fit using our model.

S = exp(— tir — ¢ [ K(t) dt) (14)

where 1t = 1/taq + 1/t'pr, 1/'pris the proton transfer rate to
ice in the absence of F This quantity, with an independently
measured (in the absence of KF), is used in comparison with
the experimental signal.

Model Fitting the Experimental Results. Figure 13 shows
both the model fitting (solid curves) and the experimental results
(dots) of the ROH emission of 2N6S in ice containing 5 and
10 mM of KF at several temperatures (see Figure 1). The fitting
is rather good at all temperatures and at concentrations of both
5 and 10 mM KF.



Photoacid-Base Reaction in Ice J. Phys. Chem. A, Vol. 112, No. 14, 2008077

TABLE 1: Fitting Parameters for the Diffusion Influenced about 2.5 times larger than the actual KF concentration. The

Irreversible Binary Reaction Model of 2N6S with KF concentration enters the calculations in eq 14 and it basically
TIK] ks, [10° A s D [cm? s 1]2b affects the diffusion-time to reach the reaction sphere. The larger
260 14 Ix 105 the concentration, the smaller the number of steps the random
241 3 1x 10°5 walker that placed at the average distance of an L-defect from
232 1.8 7x 106 the photoacid needs in order to reach the reaction sphere. The
222 15 5x 1076 larger effective concentration of the L-defect may indicate that
210 0.8 4x 10°° the L-defect motion is not only a pure random walk of short

aContact radiug = 8 A. b Effective L-defect concentratioty = distance steps but also exhibits some longer jumps. According
2.5 Ckr to molecular dynamic simulatio?&in ice, the defect motion

cannot be described as random diffusion between all available
sites, preferred sites, performing excursions around these sites.
The time spent at the “trap sites” is typically several picosec-

TABLE 2: Fitting Parameters for the Diffusion Influenced
Irreversible Binary Reaction Model of 2N68DS with KF

TIK] D [cm? s~1]abe onds, but it may be as long as a few tens of picosec&hbis.

260 4% 10°° the current study, we also found that it is necessary to use a
241 12x 10 rather larger contact radiws= 8 A to obtain a good fit at all

ggg 461'21( igz times. In previous studies in the liquid-state we uaed 7 A,

210 2’55 10°6 the same value that Welfeused for the contact radius of the
197 7% 10°7 acetate reaction with a photoacid. The larger value for the

contact sphere radius supports the results of Buch’s simulation

of L-defect motion in the preferred path in i€élt can also fit

the picture that the proton-transfer reaction does not occur at a
Figure 14 shows the model fitting of the time-resolved CONtact point between an L-defect and the hydroxyl group of

emission of the ROH form of 2N68DS in methanol-doped ice the photoacid but rather the proton jumps a longer distance to

in the presence of 5, 10, and 20 mM KF at several temperaturestn® L-defect. The proton jumps to the L-defect via a bridge of

(see Figure 2). We used the model described above to accounfn€ Or two water molecules. This picture has some similarity

a Contact radiug = 8 A. P Effective L-defect concentratioy; =
2.5 cke. © Reaction rate constaikt, = 100 [10 A s71.

for the reaction with Mohammed et aP? “loose complex” proton-transfer
mechanism.
e — - We used similar values of the L-defect diffusion constant
L+ ROH —LH"+ RO (15) D, for the fit of the luminescence signal of the ROH of both

2N6S and 2N68DS. The values of the intrinsic reaction rate

ks, obtained from the best fitting of the experimental data of
N6S, are much smaller than for 2N68DS. The values for the

reaction of L-defect with ROH range frof, = 14 A/ns at

The ROH* hydroxyl proton is transferred directly to a mobile
L-defect that was created by kn ice. This reaction depends
on several parameters. The parameters used in our model ar
the concentration of the L-defect, the diffusion constant of :
the L-defectD,, the intrinsic reaction rate consta, and the 260 K down tokpy = 0.8 A/ns at 210 K. When compgred with
contact radius of the reaction sphese In addition to the  theregular ESPT rate constant of 2N68D&X(p= 0.7) in both
parameters mentioned above, we have to take into account thevater and ice the small values k7 obtained for 2N6S (i§*
Debye-Hiickel screening, which is due to the presence of KF = 2) are in accord Wl_th the smaller photoacidity that is more
in ice of the Coulomb potential and the effective charge of an than 1 order of magnitude smaller than 2N68DS. Comparison
L_defect—o_s&, wheree is the electronic Charge_ of the flttlng values Ofklﬁ-l— of 2N68DS with those of 2N6S

We got a good fit to the experimental results using the Shows that the ratio between rate constants of direct proton
parameters given in Tables 1 and 2. At the contact sphere, thetransfer to an L-defect is a similar to the. ratio for the regular
reaction rate constaig, for 2N68DS is about 100 A/ns. The ~ESPT process between the two photoacids.

accurate value of the intrinsic rate constagt at various

temperatures in the range of 200 T < 270 K cannot be Summary
determined when the concentration ofiens is small, i.e.cr~ We studied the photoprotolytic cycle of two excited photo-
< 20 mM, and the diffusion-controlled rate constda is acids, 2N6S and 2N68DS, in methanol-doped ice in the presence

smaller thank,ET. In such a case the rate-limiting step is the of a low concentration of a weak-base like.FAccording to
transport of the L-defect toward the photoacid (see eq 9). Whenmodels, when an HF molecule is substituted with agOH
we used values foker > 100 A/ns we were unable to find  molecule in an ice hexagonal structure, it creates one bond which
differences in the fit to the data in ice in the range 200 < lacks a proton. A rotation of anJ@ molecule next to it adds
270 K. In our previous studies we got a very large rate constant a proton to this bond and an L-defect is released into théfice.
in liquid water using large concentration of acetate base ( We propose that the fluoride ion creates a mobile L-defect
0.5 M) which reacts directly with HPTS ROH & 150 A/ns). capable of reacting with an excited photoacid. We found that
Mohammed et at? found a similar rate constant for the reaction at temperatures of 200 K T < 270 K the effective decay rate
between excited HPTS and the concentrated solution of acetatepf ROH, the protonated form of the photoacid, depends on the
¢ > 1 M, which forms a “loose complex” already in the ground- fluoride concentration. The rate increased as the fluoride
state. concentration increased. The rise rate of the R@ission signal

At 220 K the diffusion constant of the L-defects inice is 2.5 showed a complementary response. The rise-time decreased as
x 1076 cné/s. This value is close to the one calculated from the fluoride concentration increased. The increase in the proton-
the Einstein-Stokes relation published mobility value of 2.5 transfer rate in the presence of KF is explained by the
x 107 m? V-1 s71 at 218 K. For a good fit we had to  assumption that in addition to the proton transfer to the solvent,
compromise on the value of the L-defects’ local concentration a direct proton transfer occurs from the excited photoacid to a
c.. The effective L-defect concentration we used in the fit is mobile L-defect created by a fluoride ion. L-defect mobility
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