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Time-resolved emission was used to measure the photoprotolytic cycle of an excited photoacid as a function
of temperature, both in liquid water and in ice, in the presence of an inert salt. The inert salt affects the
geminate recombination between the transferred proton with the conjugate base of the photoacid. We used
the Debye-Hückel theory to express the screening of the Coulomb electrical potential by the inert salt. We
find that in the liquid phase the measured screening effect is small and the Debye-Hückel expression slightly
overestimates the experimental effect. In ice, the screening effect is rather large and the Debye-Hückel
expression under estimates the measured effect. We explain the large screening in ice by the “salting-out”
effect in ice that tends to concentrate the impurities to confined volumes to minimize the ice crystal energy.

Introduction

Proton-transfer reactions in solution are common in chemical
and biological processes.1-4 Over the last two decades, inter-
molecular proton transfer in the excited state (ESPT) has been
studied extensively in the liquid phase and provided pertinent
information about the mechanism and the parameters controlling
acid-base reactions.5-12 The study of proton reaction in the
solid phase and particularly in ice is rare and uncommon.13,14

In the past the physics of ice15-18 was studied extensively.
Electrical conductivity measurements of Eigen4 in the early
sixties gave a surprising large mobility for the proton in ice. It
was estimated4 that the proton mobility is 10-100 times larger
than in water. In numerous further measurements it was found
that at about 263 K the proton mobility in ice is smaller by
about a factor of 2 than the value of water.19

To initiate proton reactions in the liquid and solid phases,
protic solvent solutions of photoacids are irradiated by short
(femtosecond-picosecond) laser pulses.20-22 Consequently, the
excited-state molecules dissociate very rapidly by transferring
a proton to a nearby solvent molecule. The excited-state
deprotonated form RO-* is negatively charged. Thus, the
reversible geminate recombination process is strongly enhanced.
The proton-transfer rate could be determined either by the initial
decay time of the time-resolved fluorescence of the protonated
form (ROH*) or by the slow rise time of the emission of the
deprotonated species (RO-*).

Over the past decade we used a model for an intermolecular
ESPT process that accounts for the geminate recombination
(GR) of the transferred proton. We describe briefly the GR
model in a separate subsection.

8-Hydroxypyrene-1,3,6-trisulfonate (HPTS or pyranine) is a
photoacid commonly used in the study of ESPT process.22-25

In previous works26,27 we presented a comprehensive analysis
of salt effects on excited-state intermolecular proton transfer to
a liquid solvent from an excited photoacid ROH molecule
(HPTS). The dynamics, obtained from the time-resolved fluo-
rescence, were fitted to the geminate recombination model. A

large fraction of the time-resolved emission signal of the ROH
signal is carried by the long-time fluorescence tail, reflecting
the proton-RO- geminate recombination events.

Proton diffusion, as monitored by photoacid time-resolved
fluorescence, is a microscopic process in which the proton
surveys the immediate surrounding of the HPTS anion, RO-*.
The time-resolved emission signal contains information on the
proton-anion interaction potential and the microscopic proton
mobility. The addition of inert salts modifies both attributes.
The main effect of added salt is a reduction in the long-time
fluorescence tail due to screening of the RO--proton Coulomb
attraction. In the analysis, it was also found that inert salt also
reduces the proton mobility.

In other previous works28,29 we extended the liquid-phase
studies on the protophotolytic cycle of photoacid to the ice
phase. The temperature dependence of the excited-state proton-
transfer rate in the liquid phase of mild and strong photoacids
is rather small. At the high-temperature rangeT > 280 K we
found for HPTS that the activation energyEa is less than 5 kJ/
mol. At lower temperatures down to the supercooled region 260
< T < 280 K, the activation energy is not constant and increases
as the temperature decreases. At about 260 K,Ea ∼ 20 kJ/mol.
In ice, in the temperature range 230< T < 270 K, we found
for the HPTS photoacid a constant activation energy of about
Ea ∼ 30 kJ/mol. In a recent work we extended the previous
studies on ESPT in ice and measured the ESPT cycle of HPTS
in water containing large concentrations of several electrolytes
as well as in frozen water-methanol mixtures.28 The Arrhenius
plot of ln(kPT) versus 1/T is nearly constant and the activation
energy of the proton transfer of an electrolyte solution is large,
twice that in pure water,Ea ∼ 60 kJ/mol, whereas the activation
energy of the proton-transfer rate in the solid phase of the
water-methanol mixtures is somewhat lower than in pure water,
Ea ∼ 28 kJ/mol. Careful examination of the time-resolved
emission in ice samples shows that the fit quality at low
temperaturesT < 240 K, using the geminate recombination
model, is rather poor at short times. We were able to get a better
fit using an inhomogeneous kinetics model assuming the proton-
transfer rate consists of a distribution of rates. The model is
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consistent with an inhomogeneous frozen water distribution next
to the photoacid.

In this contribution we extend our previous study on
electrolyte screening27 measured at room temperature in the
liquid water phase by extending it to the solid ice phase. The
Coulomb potential between H+-RO- that enhances the gemi-
nate recombination is partially screened by immobile inert salt
ions in the ice phase. We used two photoacids, HPTS and
2-naphthol-6,8-disulfonate (2N68DS) and two inert salts, NaNO3

and NaCl. 2N68DS (pK* ∼ 0.7) is a stronger photoacid than
HPTS (pK* ∼ 1.35). In general, both photoacid results provide
the same information on the effective screening of electrolytes
in ice. The main finding in the current study is that the screening
salt effect in ice is much larger than in the liquid state. We
explain the large effect by effective large salt concentration
surrounding the photoacid in ice.

Experimental Section

Time-resolved fluorescence was acquired using the time-
correlated single-photon counting (TCSPC) technique, the
method of choice when sensitivity, a large dynamic range and
low-intensity illumination are important criteria in fluorescence
decay measurements.

For excitation, we used a cavity dumped Ti:sapphire femto-
second laser, Mira, Coherent, which provides short, 80 fs, pulses
of variable repetition rate, operating at the SHG frequency, over
the spectral range 380-400 nm with the relatively low repetition
rate of 500 kHz. The TCSPC detection system is based on a
Hamamatsu 3809U, photomultiplier and Edinburgh Instruments
TCC 900 computer module for TCSPC. The overall instrumental
response was about 35 ps (fwhm). Measurements were taken
at 10 nm spectral width. The observed transient fluorescence
signal,I(t), is a convolution of the instrument response function
(IRF), I0(t), with the theoretical decay function. The excitation
pulse energy was reduced by neutral density filters to about
10 pJ. We checked the sample’s absorption prior to and after
time-resolved measurements. We could not find noticeable
changes in the absorption spectra due to sample irradiation.

Steady-state fluorescence spectra were taken using a Fluo-
roMax (Jobin Yvon) spectrofluorometer and a miniature CCD
spectrograph CVI MS-240. The HPTS, of laser grade, and
2-naphthol-6,8-disulfonate (2N68DS) were purchased from
Kodak. Perchloric acid, 70% reagent grade was purchased from
Aldrich. For steady-state fluorescence measurements we used
photoacid solutions of∼2 × 10-5 M. For transient measure-
ments the sample concentrations were between 2× 10-4 and 2
× 10-5 M. Deionized water had resistance>10 MΩ. methanol,
NaCl and NaNO3 of analytical grade, was from Fluka. All
chemicals were used without further purification. The solution
pH was about 6.

The HPTS fluorescence spectrum at room temperature
consists of two structureless broad bands (∼40 nm fwhm). At
temperatures belowT < 150 K the ROH emission band exhibits
a distinctive vibration structure. The emission band maximum
of the acidic form (ROH*) and the alkaline form (RO-*) in
water are at 445 and 510 nm, respectively. At 435 nm, the
overlap of the two luminescence bands is rather small. The
contribution of the RO-* band to the total intensity at 435 nm
is less than 0.2%. To avoid overlap between contributions of
the two species, we mainly monitored the ROH* fluorescence
at 435 nm.

The 2N68DS fluorescence spectrum consists of two struc-
tureless broad bands (∼40 nm fwhm). The emission band
maximum of the acidic form (ROH*) and the alkaline form

(RO-*) in water are at 370 and 470 nm, respectively. At
370 nm, the overlap of the two luminescence bands is rather
small. To avoid overlap between contributions of the two
species, we mainly monitored the ROH* fluorescence at 375 nm.

The temperature of the irradiated sample was controlled by
placing the sample in a liquid N2 cryostat with a thermal stability
of approximately(1.5 K.

In the solid phase, the photoacid tends to “salt out” the HPTS
and, as a consequence, the luminescence intensity in frozen
samples is strongly reduced. The net result is an unreliable time-
resolved emission measurements in the ice phase, of both the
acid (ROH*) and base (RO-*) forms. The “salting out” problem
of HPTS out of the ice phase was unnoticed when a small
amount of methanol,∼1% mole fraction, was added to the
solution.

Ice samples were prepared by first placing the cryogenic
sample cell, for about 20 min, at a temperature of about 273 K.
The second step involved a relatively rapid cooling (10 min) to
a temperature of about 250 K. The sample subsequently freezes
within 5 min. To ensure ice equilibration prior to the time-
resolved measurements, the sample temperature is kept constant
at about 250 K for another 30 min.

Reversible Diffusion-Influenced Two-Step
Proton-Transfer Model with Inclusion of a Proton
Scavenger in Solution

In this model,12,23,24the overall dissociation process can be
subdivided into the two consecutive steps of reaction and
diffusion. In the reactive stage, a rapid short-range charge
separation occurs and a solvent-stabilized ion pair is formed.
This is followed by a diffusive stage, when the two ions
withdraw from each other due to their thermal random motion.
The reverse process is a geminate recombination (neutralization)
of the two separated ions either by the direct collapse of the
ion pair or after a geminate reencounter of the solvated “free”
ions.

Mathematically, one considers the probability density,p(r,t),
for the RO-*-H+ pair to separate to a distancer by time t
after excitation. The observed (normalized) signals from the
excited acid ROH* and the RO- anion correspond to the
probability, to find the ROH* formP(t), and the survival
probability of the separated pair,S(t) which is also the
probability to find the excited photoacid in its RO- form

The separated pair at timet, p(r,t) is assumed to obey a
spherically symmetric Debye-Smoluchowski equation (DSE)
in three dimensions (2a), which is coupled to a kinetic equation
for P(t) (2b), which serves as the boundary condition for the
differential equation (2a).12

S(t) ≡ 4π∫a

∞
p(r,t)r2 dr (1a)

P(t) ) 1 - S(t) (1b)

∂p(r,t)
∂t

) [r-2 ∂

∂r
Dr2e-V(r) ∂

∂r
eV(r) - k′0] p(r,t) +

[kPTP(t) - kr p(r,t)]
δ(r - a)

4πa2
(2a)

∂

∂t
P(t) ) krp(a,t) - (kPT + k0)P(t) (2b)
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The geminate recombination is given by a delta function “sink
term”, krδ(r - a)/(4πa2). In contrast, the ROH* and RO-*
radiative decay rate constants (k0 and k′0, respectively) are
r-independent. The radiative rate of ROH* is determined in the
absence of an excited-state proton-transfer reaction (measured
in neat methanol solution). When the proton reaches the reaction
sphere atr ) a, it recombines geminately to form back ROH*
with a rate constantkr (reflective boundary condition). The
mutual attraction of the proton and the HPTS anion is described
by a distance dependent potential,V(r), in units of the thermal
energykBT. In this study, the ESPT process is examined in the
presence of NaCl or NaNO3 salt concentration in an aqueous
liquid solution and in ice. To account for the salt effect, we
apply the screened Coulomb potential of Debye and Hu¨ckel30

whereRD andκDH
-1 are the Debye and ionic-atmosphere radii,

respectively, anda is its ionic radius.

zl ) 1, z2 ) -4 are the charges of the proton and deprotonated
HPTS, respectively (for 2N68DSz2 equals -3). e is the
electronic charge,εs is the static dielectric constant of the
solvent,kB is Boltzmann’s constant,T is the absolute temperature
andc is the concentration of the 1:1 electrolyte.

We used the screened Coulomb potential given in eq 3 with
the appropriate chargeszl andz2 (eq 4). The electrolyte screening
lengthκDH is calculated using eq 4. For water at 298 K,B )
0.324 Å-1 mol-1/2. For the calculation ofκDH in ice we used a
temperature-dependent value for the dielectric constant that
assumes a value ofεs ≈ 100 at about the freezing point. It
increases linearly as the temperature decreases.

The relative diffusion constant,D in liquid solution is the
sum of the protic and anionic diffusion coefficients. Because
the proton is abnormally fast, whereas the anion is bulky and
slow, its diffusion coefficient may be neglected with respect to
that of the proton. In ice only the proton is mobile and the
photoacid and the salt ions are immobile.

As compared with traditional treatments of diffusion-
influenced reactions,31 the new aspect is the reversibility of the
reaction, described by the “back-reaction” boundary condi-
tion.24,27,32 The process we wish to consider begins upon
photochemical excitation, which prepares an equilibrated thermal
and vibronic states of the ROH* acidic form in the lowest
electronic state, S1. Thus, the initial condition is

whereP(0) denotes the excited-state ROH probability att ) 0.
The bound and dissociated states evolve according to eq 2a

with boundary condition set by eq 2b. We solve these equations
numerically using the Windows application33 for solving the
spherically symmetric diffusion problem (SSDP), convolute
P(t) with the IRF and compare it with the ROH* fluorescence
signal.

The asymptotic expression (the long-time behavior) for the
fluorescence of ROH* in the case where both forms of the
photoacid, ROH and RO-, have the same lifetime is given by27

whereτf is the excited-state lifetime of both the protonated form,
ROH, and the deprotonated form, RO-. d is the dimensionality
of the relevant problem,a is the contact radius andkPT andkr

are the proton-transfer and recombination rate constants,
respectively. All other symbols are as previously defined.
Equation 6 shows that the tail amplitude depends on several
parameters but its time dependence is a power law of time that
depends on the dimensionality of the problem. For 3 dimensions,
it assumes the power law oft-3/2.

The absolute fluorescence quantum yield of ROH is given
by

Results

Figure 1 shows the steady-state emission spectra of an
aqueous solution of HPTS and aqueous solution of HPTS
containing 18 mM NaNO3 at various temperatures in the range
100-297 K. Both samples were excited by a short laser pulse
at a repetition rate of 500 kHz and the excitation wavelength
was at about 400 nm, near the peak absorption of S0 f S1-
transition of HPTS in aqueous solution. As seen in the figure,
the ROH band maximum is at about 450 nm and the RO- band
maximum at room temperature at about 512 nm. In general,
the ROH band intensity is small at room temperature and its
amplitude increases as the temperature decreases. At a certain
temperature, the two sets of spectra, the one of HPTS in aqueous
solution and the solution with a small concentration of an inert
salt, are similar in their relative RO-/ROH intensities.

The increase of the ROH intensity as the temperature
decreases is as a result of decrease in the rate of proton transfer

V(r) ) -
RD

r

exp[-κDH(r - a)]

1 + κDHa
(3)

RD ≡ |z1z2|e2

εkBT

κDH
2 ≡ 8πe2c

εskBT

κDH ≡ B xc (4)

P(0) ) 1 p(r,0) ) 0 (5)

Figure 1. Steady-state emission spectra of an aqueous solution of
HPTS and aqueous solution of HPTS containing 18 mM NaNO3 at
various temperatures.

[ROH*] exp[t/τf] = π
2

a2(exp[V(a)])
kr

kPT(πD)3/2
t-d/2 (6)

Φ(ROH*) ) τf
-1∫0

∞
P(t) exp(-t/τf) dt (7)
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as the temperature decreases. The relative fluorescence of the
ROH band is given approximately by

The relative fluorescence of the RO-* when exciting the ground-
state ROH is given by

wherek0 is the radiative rate of ROH,Φ0 is the fluorescence
quantum yield of ROH in the absence of proton transfer.Φ
and Φ′ are the fluorescence quantum yields of the ROH and
RO- forms of the HPTS, repsectively.Φ′0 is the fluorescence
quantum yield of direct excitation of the RO-. At room
temperaturekPT ) 10 ns-1, whereask0 ) 0.19 ns-1 is
temperature independent. As the temperature decreases,Φ/Φ0

increases. At about 220 KkPT ∼ k0 and the fluorescence intensity
of ROH is about 0.5 that at very low temperaturesT < 100 K
wherekPT , k0. The fluorescence intensity ratio between the
ROH and RO- bandsΦ′/Φ is given by

In salt solution, at a specific temperature, the ROH band
intensity is smaller than that of the pure (salt free) solution.
The reason for that is the effective screening by the salt ions of
the attractive potential between the RO- and the proton both in
the liquid solution and in ice.

Time-Resolved Emission.Figure 2 shows, on a semilog
scale, the time-resolved emission at several temperatures of the

ROH band of HPTS measured at 437 nm in pure water and in
aqueous solution containing 4 and 18 mM of NaNO3. As the
temperature decreases, the average decay times of the signals
increases. The longer decay time is attributed to the substantial
decrease in the proton-transfer rate in ice as the temperature
decreases.

The time-resolved emission of the ROH* band is composed
of two parts. At short time the decay is fast and nearly expo-
nential. The longer time of the fluorescence is nonexponential
and forms a long-time tail. The reversible geminate recombina-
tion model is successfully used to fit this complex decay pattern.
In general, the short time component is attributed to the rate of
proton transfer, whereas the long-time nonexponential fluores-
cence tail is attributed to the reversible geminate recombination
of the proton with RO-. In the decay profiles of ROH in the
presence of inert salt ions the amplitude of the long-time decay
component is reduced at all temperatures. The geminate
recombination reaction of a proton with an RO- anion is assisted
by diffusion in both the liquid and the solid phase. The Coulomb
attraction enhances the probability to recombine geminately. The
salt ions screen the Coulomb potential and decrease the attraction
of the proton with RO- after it is transferred from the photoacid
to liquid water. The important point to note is that this reaction
also occurs in the ice and inert salt strongly reduces the
amplitude of the long-time fluorescence tail. As seen in Figure
2, in salt solution the intensity of the long-time nonexponential
fluorescence tail is strongly reduced, in ice solution, at all
temperatures, indicating that the Coulomb potential screening
in ice is much larger than in the liquid phase. At about 10 mM
the average salt ion distance is about 55 Å. In hexagonal ice
structure this distance is equivalent to about 18 water molecules.
The screening of the proton-RO- potential is easily observed
as a reduction in the intensity of the long-time tail of the time-
resolved emission of the phatoacid ROH* form.

Figure 3 shows the time-resolved emission of the RO- band
measured at 520 nm for an aqueous solution at several
temperatures. The RO- signal has a distinctive buildup time
(rise time) that is followed by an exponential decay of about
5.2 ns. The rise time of RO- emission is attributed to the rate
of proton transfer. The longer the rise time of RO- the slower
the proton-transfer rate. As the temperature decreases, the rate
constant,kPT, is smaller and the rise time of RO- gets longer.
At a very low temperatureT < 220 K the proton-transfer rate
constantkPT is smaller than the radiative rate of ROH,kPT <
k0. At this low-temperature region the ratio of the ROH and
RO- fluorescence quantum efficienciesΦ′/Φ , 1. The overlap
between the ROH and RO- band shape function at about
515 nm, the RO- peak position, is about 15%. The signal
measured at 515 nm is a superposition of a strong ROH and a
small RO- fluorescence band (see Figure 1). The ROH time-
resolved signal has an immediate rise time whereas the RO-

has a slow distinct rise time. Therefore, at a sufficiently low
temperature the rise time of the total signal measured at about
515 nm exhibits a relatively faster rise time than at higher
temperatures. The steady-state emission at low temperature
supports this explanation.

Figure 4 shows, for several temperatures, the time-resolved
emission of the ROH band of 2-naphtol-6,8-disulfonate (2N68DS),
measured at 375 nm in two solutions: a pure aqueous solution
that did not contain salt ions and a solution that contained
22 mM NaCl. As in the case of HPTS (the time-resolved
fluorescence signals of the ROH in salt solution), the amplitude
of the long-time nonexponential fluorescence tail slightly
reduces in the liquid phase whereas it strongly reduces in the

Figure 2. Time-resolved emission of the HPTS ROH band in pure
water and in aqueous solution containing 4 and 18 mM of NaNO3.

Φ(T)
Φ0

)
k0

kPT(T) + k0

(8)

Φ′(T)
Φ′0

)
kPT(T)

kPT(T) + k0

(9)

Φ′(T)

Φ(T)
)

kPT

k0
(T) (10)
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ice phase. The inert salt ions in ice effectively screen the
Coulomb attraction between the protons and the RO- and thus
the probability of geminate recombination to re-form the ROH*
is strongly reduced.

Figure 5 shows the time-resolved emission of the RO- of
2N68DS measured at 475 nm, slightly to the red of the RO-

peak (470 nm). The signal exhibits a distinctive rise time
followed by an exponential decay with a decay time of about
12 ns. The rise time increases as the temperature decreases.
Using the geminate recombination model, the signal of the RO-

can be fitted with the same parameters that are used to fit the
complex decay profile of the ROH form of 2N68DS.

GR Model Fitting Procedure and Treatment of the
Adjustable Parameters.kPT determines the initial slope of the
decay curves: the largerkPT, the faster the initial exponential
drop. The intrinsic recombination rate constant,kr, hardly affects
the behavior att f 0 but determines the magnitude of the long-
time tail. The effect of increasingkr is somewhat similar to
decreasingD. It differs from the effect of changingRD or a on
the curvature of these plots. The parameters for the numerical
solution of the DSE were taken from the literature.30,34 The
contact radiusa ) 6 Å is slightly larger than the molecule’s
spherical gyration radius (4.5-5.5 Å), obtained from measure-
ments of HPTS rotation times.35 It probably accounts for at least
one layer of water molecules around the HPTS anion. All the
abovementioned parameters, except the contact radiusa, are
temperature dependent. The temperature dependence ofD(T)
andεs(T) of pure water in the liquid and supercooled liquid are
given in the literature.36-40

At room temperature and neat water there are only two free
adjustable parameters in solving and fitting the experimental
data, the proton-transfer ratekPT and the recombination ratekr.

The literature only covers the proton conductance in the liquid
phase as a function of temperature in neat water solution. The
values of proton diffusion in ice were measured in the seventies
by Kelly and Salmon19 and Camplin and Glen.41 It was found
that DH+ is smaller by about a factor of 2 than in the liquid at
about 268 K, 5 deg below the freezing point,DH+

ice ∼ 3.5 ×
10-5 cm2/s. At the intermediate times, between the initial nearly
exponential decay and the asymptotict-3/2 power law (0.1 ns
< t < 1 ns in pure water),kr is the dominant parameter that
determines the quality of the fit. The diffusion constant mainly
affects the long-time fluorescence amplitude (t > 1 ns in pure
water). We used a valueD ) 3.5 × 10-5 cm2/s in ice at the
freezing point to obtain the best fit. We decreased the values
D(T) with the temperature decrease. The value ofεs(T) in ice

Figure 3. Time-resolved emission of the RO- band of an aqueous
solution and a solution containing 18 mM NaNO3.

Figure 4. Time-resolved emission of the ROH band 2N68DS in
aqueous solution and 22 mM NaCl solution, upper curves-pure water.

Figure 5. Time-resolved emission of 2N68DS of the RO- band in
aqueous solution at several temperatures.
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increases almost linearly with the temperature decrease. The
expressions of bothRD and κDH

2 contain in the denominator
εsT. In ice the termεsT is almost temperature independent, and
therefore bothRD andκDH are almost constant at all tempera-
tures.

To summarize: WhenDH+ is known from independent
measurements (conductance), the two free fitting parameters are
kPT andkr. In most of the experimental data represented in this
study, DH+(T) is unknown and thusDH+ is an additional
adjustable parameter that we chose by best fit and the knowledge
of its values in similar systems or at other temperatures. In
general, ifkPT > kr andD is small,D e 10-5 cm2/s then the
value ofkPT mainly controls the initial decay of ROH at short
times. OncekPT is approximately determinedkr, and D control
the amplitude of the longer times.kr strongly affects the shape
and amplitude of the intermediate times 1/kPT < t < 3/kr. Once
kr is determined,D is the only parameter left to control the
amplitude of the long times of the emission curve of the ROH.

Quantitative Analysis of the Proton Reaction in the
Presence of an Inert Salt.Figure 6a shows the time-resolved
emission of ROH* of HPTS in pure water solution and in
solutions containing inert salt along with a computer fit using
the GR model.

As seen in the figure, in the case of the salt solutions, the
long-time fluorescence tail intensity is strongly reduced. In the
fitting procedure of the luminescence curves of the salt solution
we calculated the Coulomb potential screening by the Debye-
Hückel expression given by eq 4. Two important points to
note: (1) The experimental salt effect in ice is larger than the

calculated. To fit the salt solution data, we used an effective
value for the concentration rather than the real homogeneous
concentration. In the discussion section we devote a lengthy
explanation for plausible reason for the observed large salt effect.
The second important point to note is that we used the values
of the fitting parameterskPT, kr and DH+ of the pure water
solution data to fit the fluorescence curves of the salt solution.
The values ofkPT, kr, DH+ used to fit the time-resolved
fluorescence of HPTS in salt solution are given in Table 1. When
the temperatures of the measurements of the two samples were
not identical, we used an interpolation procedure to deduce a
set of the parameters. The computer fits shown as solid lines
are rather good at all temperatures aboveT > 240 K.

Figure 6. Time-resolved emission of ROH* in pure water solution and in solutions containing inert salt (symbols) along with a computer fit using
the GR model: (solid line) calculation with effective concentration; (broken line) calculation based on the real concentration; (upper curve) pure
water; (lower curve) salt solution. (a) HPTS in 18 mM NaNO3 solution. (b) 2N68DS in 11 mM NaCl solution.

TABLE 1: Fitting Parameters of the Screened Potential
Geminate Recombination Model for HPTS in 4 mM NaNO3
Solution

T [K] kPT
a [109 s-1] kr

a,b[109 Å s-1] Dc [cm2 s-1] Ad

296 8.8 4.5 1.0× 10-4

268 3.5 2.3 4.0× 10-4 2.89
265 2.8 2.2 3.5× 10-4c 3.24
263 2.3 1.8 3.0× 10-5 3.61
260 1.9 1.6 2.5× 10-5 3.61
258 1.5 1.4 2.2× 10-5 3.61
255 1.3 1.3 2.0× 10-5 3.61
253 1.1 1.2 1.9× 10-5 1.69
250 1.0 1.2 1.8× 10-5 1.0

a kPT andkr are obtained from the fit of the experimental data by the
GR model (see text).τROH

-1 ) 0.18 ns-1, τRO--1 ) 0.19 ns-1. b The
error in the determination ofkr is 50%; see text.c Free adjustable
parameter.d Best fit correction factor of the salt concentration,c′ )
Acsalt; see text.

Photoprotolytic Cycle of Excited Photoacid in Ice J. Phys. Chem. A, Vol. 110, No. 51, 200613691



It is encouraging to note the success of the geminate
recombination model to fit the salt samples with the samekPT,
kr andDH+ parameters of the salt-free solution. At a low enough
temperature the proton-transfer reaction is slow and comparable
with the radiative ratek0 ) 0.19 ns-1 (τr ) 5.2 ns). In such a
case the long-time fluorescence tail of the geminate recombina-
tion process merges with the fast decay phase attributed to the
proton-transfer process. The overall decay profile is nearly
exponential. At such a low temperature the effect of salt ions
on the luminescence of ROH is small. Thus there is a low-
temperature limit in which the Coulumb potential screening
effect can be observed. We estimate that below 240 K the
screening effect cannot be followed quantitatively by the
geminate recombination model. Figure 6b shows the time-
resolved emission of ROH* of 2N68DS in pure water solution
and in solution containing inert salt along with a computer fit
using the GR model. We used the same procedure in the fit of
data as described for HPTS. The fitting parameters are given
in Table 2.

Analysis of the Steady-State Spectrum.The steady-state
emission of HPTS at various temperatures is shown in Figure
1. At low enough temperatureT < 150 K wherek0 > kPT the
emission spectrum is only that of the protonated form. The
emission band shows a distinctive vibronic structure with a
progression of about 1100 cm-1. We fit the structured emission
spectrum by assigning a log-normal line shape function to each
vibration band.42 To obtain a good fit to the ROH emission band,
we used four vibration bands. The two high-energy bands are
of about equal intensity, whereas the relative amplitude of the
subsequent two lower energy bands is smaller and has decreas-
ing amplitude with decreasing energy. This type of spectrum is
a consequence of the Franck-Condon principle. When the
ground and first electronically excited potential surface are
displaced with respect to a generalized coordinate, the relative
amplitude of the vibration progression is given by the Huang-
Rhys factor S0. The relative amplitude of each individual
vibration peak is given bySo

n/n!, wheren is a number in the
sequence of the vibration levels in the spectrum. WhenS0 ≈ 1,
then the intensity of the second vibration band is of about the
same intensity of the first one and the intensity of the subsequent
vibration bands decreases monotonically. From the band analysis
of the emission spectrum of the ROH band at low temperature
the relative intensities of the four vibrations fits approximately
to the caseS0 = 1.

The ROH emission band shifts to the red as the temperature
increases. The 0-0 band shifts from about 23 400 cm-1 at about
100 K to about 22 900 cm-1 at 220 K. At higher temperatures
the analysis of the band structure gets difficult because the ROH

band intensity decreases sharply because of the efficient excited-
state proton-transfer process whenkPT > k0. The bandwidth of
each vibration band increases with the temperature increase.
At about 100 K the bandwidth is around 1250 cm-1 whereas at
220 K it is about 1750 cm-1. We find a one to one cor-
respondence between the Stokes shift of the emission band and
the vibration bandwidth. This type of relation is expected from
the fluctuation dissipation theory of Kubo.43

The intensity of the RO- band at high temperaturesT >
240 K is larger than the ROH band intensity. Its position and
bandwidth is only slightly dependent on the temperature.
Equations 8-10 roughly provide the intensity of each band and
the ratio between them. We quantitatively fit the RO- band with
two lognormal bands the high-energy band is nearly Gaussian
with a peak at about 19 500 cm-1 and a width of 1500 cm-1.
The low-energy band intensity is smaller by about a factor of
5. It is positioned at about 18 500 cm-1 and is highly
asymmetric. Figure 7 shows the experimental and a fit of the
steady-state spectra of HPTS in pure water solution at several
temperatures. At a particular temperature the shape of the ROH
and RO- bands is the same for pure water sample and in the
presence of an inert salt. At temperatures above 220 K the
intensity of ROH band of the salt solution is smaller than the
intensity of the ROH band of the pure water solution. This is
explained by the screening of the Coulomb potential by the salt
ions and as a consequence it decreases the proton-RO- geminate
recombination probability to reform back the ROH population.
The emission intensity depends on the time integrated ROH
population, which is smaller in the salt solution.

Figure 8 shows a plot of the logarithm of (Φ′/Φ)k0 as a
function of 1/T along with an additional plot of the values of
log kPT extracted from the time-resolved analysis versus 1/T.
(Φ′/Φ)k0 provides on estimate forkPT and ignores the geminate
recombination contribution to the fluorescence of ROH and
RO-. As seen from the figure at high energy, both plots show
approximately an Arrhenius behavior. The plot of logkPT versus
1/T is more accurate than that of (Φ′/Φ)k0 at high temperatures
wherekPT is determined from the quantitative analysis of the
ROH decay curve by the GR model. At temperature belowT
< 240 K, the rate constant of proton transfer,kPT, is small, the
head and tail of the ROH curve coalesce, and the decay rate of

TABLE 2: Fitting Parameters of the Screened Potential
Geminate Recombination Model for 2N68DS in 22 mM NaCl
Solution

T [K] kPT
a [109 s-1] kr

a,b [109 Å s-1] Dc [cm2 s-1] Ad

298 12 10 1.0× 10-4 4
268 6.2 8.5 4.5× 10-5 4
263 5 7.5 4.0× 10-5 4
260 4 7 3.0× 10-5 4
255 2.2 4 1.8× 10-5 4
253 2 4 1.7× 10-5 4
248 1.5 3.8 1.6× 10-5 4
245 1.4 3.7 1.6× 10-5 4

a kPT andkr are obtained from the fit of the experimental data by the
GR model (see text).τROH

-1 ) 0.11 ns-1, τRO--1 ) 0.083 ns-1. b The
error in the determination ofkr is 50%; see text.c Free adjustable
parameter.d Best fit correction factor of the salt concentration,c′ )
Acsalt; see text.

Figure 7. Experimental (solid line) and a fit, (broken line) of the
steady-state spectra of HPTS in pure water solution.

13692 J. Phys. Chem. A, Vol. 110, No. 51, 2006 Uritski et al.



the ROH fluorescence is mainly determined byk0, the radiative
rate constant. In such a case the time-resolved emission cannot
accurately provide the value ofkPT, whereas the steady-state
emission analysis provides a better estimate forkPT at lower
temperatures.

Discussion

In previous papers on proton transfer in ice we published
data only at high temperatures above 220 K. In this contribution
we extend our measurement to lower temperature,T ∼ 90 K.
In previous studies in ice we used only a single photoacid, the
HPTS. In this study, we measured the proton transfer and
geminate recombination rates of HPTS and 2N68DS as a
function of temperature, in liquid water and ice containing a
small amount (<30 mM) of an inert salt like sodium chloride
and sodium nitrate.

In general, both photoacid results provide the same informa-
tion on the effective screening of electrolytes in ice. The main
finding in the current study is that the screening salt effect in
ice is much larger than that in the liquid state. We explain the
large screening in ice by the “salting-out” effect in ice that
concentrates the impurities to confined volumes to minimize
the ice crystal energy.

Effect of Methanol on the Photoprotolytic Cycle in Ice.
In the experiments described in this paper there is a difficulty
in describing the microscopic ice structure surrounding the
photoacid. The ice we prepare contains three impurities, the
large photoacid molecule, the inert salt ions and methanol. The
largest amount of impurities is the methanol we added to the
water. In pure ice we find that the emission of the photoacid is
reduced by orders of magnitude when the liquid sample freezes.
Addition of a small amount of protic solvent like alcohols to
water is essential in these experiments to prevent “sating out”
of the photoacid from the ice. In most of the experiments we
used a methanol concentration of about 0.5 M. Thus a 1:100
molar ratio between methanol and water. In liquid water at
298 K such an amount of methanol reduced the rate constants
kPT andkr of the photopritolytic cycle by about 5%. In several
experiments we qualitatively checked the effect of further
reducing the methanol concentration on the photoprotolytic
cycle. In these experiment we were able to prevent the “salting-
out” of the photoacid at a methanol concentration of about
50 mM, 10-fold less than in most of the experiment. We found
in water/methanol mixture of only 50 mM methanol that the
time-resolved emission is almost unaffected by the large change

in the methanol concentration. The analysis of the experimental
results of a sample that contained only 50 mM of methanol
shows that the main parameters of the geminate recombination
model: kPT, kr, DH+ as well as the inert salt screening effect are
about the same as for 10 fold methanol concentration (0.5 M).

The few methanol molecules next to the photoacid are
probably positioned close to the hydrophobic part of the
photoacid structure. The methanol CH3 group is close to the
center of the photoacid aromatic ring (hydrophobic interaction).
The OH group of the methanol is pointing toward a water
molecule in the ice. The average distance between the inert
salt ions of a 10 mM solution is about 55 Å. This distance is
equivalent to a distance of 20 water molecules in the ice
structure. On the basis of the proton diffusion constant in ice,
the diffusing proton is also visiting ice structure sites that are
far removed from the photoacid, and their structure is close to
hexagonal. The overall number of water molecules in the volume
around the photoacid that the proton may visit within a 10 ns
window is about 32 000. In the 50 mM methanol ice sample
the number of dopants including the salt ions is only about 30.

From the steady-state spectra (see Figures 1 and 7) we find
that inert salt ions do not tend to change the shape of the ROH
and RO- spectra. This indicates that the ions at concentrations
<30 mM do not form complexes with the photoacid. This
implies that the ions are at least one water molecule apart from
the photoacid. Our assumption that the inert salt ions form an
ionic atmosphere surrounding the ROH molecule is reasonable.
Upon water freezing, those ions tend to keep their positions
around the ROH. This ion arrangement in ice screens the
Coulomb potential in the vicinity of the photoacid.

Justification for a Proton Diffusion Formalism in Ice. The
theory of the diffusion assisted reversible geminate recombina-
tion model describing the photoprotolytic cycle of a photoacid
shows that under a quasi-equilibrium condition (several pho-
tocycles of proton transfer and geminate recombination) the
time-resolved fluorescence of ROH* multiplied by the excited-
state life time obeys at long times a power-law decay (see eq
6). For three dimensions, it assumes the power law oft-3/2.
Figure 9 shows a log-log plot of I(t)ROH exp(t/τf) for 2N68DS
at several temperatures in water in the presence of 22 mM NaCl.
As seen in the figure, the long-time fluorescence tail indeed
shows a decay of a power law (straight line) with a slope of
about 1.5( 0.2 for both pure water and salt solution at a large
temperature range.

Using the valuesD ) 4 × 10-5 cm2/s for proton diffusion in
ice at 268 K and the long time of the time resolve measurements

Figure 8. Arrherenius plot of the logarithm of (Φ′/Φ)k0 and logkPT

as a function of 1/T: (full symbols) liquid; (open symbols) ice.

Figure 9. log-log plot of IROH exp(t/τf) for 2N68DS at several
temperatures in water solution containing 22 mM NaCl. The individual
curves are shifted vertically for clarity purpose.
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of about 10 ns, we can estimate the proton diffusion length (L
= xDt ≈ 65 Å).

In numerous experiments in the past decade we found in
liquid water that indeed a power law exists and it is a good
criteria for the diffusion model. There is a possibility that the
proton motion in ice can proceed via a very long distance jump,
so-called Grothus mechanism. Our experiments cannot identify
the nature of the mechanism of proton movement in ice. It
is accustomed to use the theory of Jaccard44 to explain15,16

the electrical properties of ice, namely, the electrical conduc-
tivity of ice41 and its dielectric properties measured by Stein-
man.45

According to Jaccard theory44 the electrical properties of ice
are largely due to two types of defect within the crystal structure
that allow protons to move along the hydrogen bonds under
the influence of an external field. Ion defects are produced when
a proton moves from one end of the bond to the other, thus
creating a H3O+, OH- ion pair. Conduction is then possible by
means of successive proton jumps. Bjerrum defects are orien-
tational defects caused by the rotation of a water molecule to
produce either a doubly occupied bond (D-defect) or a bond
with no protons (L-defect). A series of successive rotations will
produce conduction, and neither process alone can explain the
dc conduction. For example, the movement of a H3O+ ion sets
the protons in such a position that no more H3O+ ions may
subsequently follow the same path. A similar effect occurs with
Bjerrum defects. However, if an ion defect is followed by a
Bjerrum defect, then the protons will be reset into their original
positions and the conduction pathway unblocked.

We used the diffusion assisted geminate proton-RO-

recombination model (GR model) to quantitatively fit the time-
resolved emission of the photoacid embedded in the frozen
matrix of ice, including the inert salt ions, as impurities. The
GR model predicts that the long-time fluorescence tail of ROH
band multiplied by the excited-state lifetime (see eq 6) will
decay at long times as a power law oft-3/2. The power law is
also predicted for liquid and solid water solution with inert salt
that partially screens the Coulomb potential between the proton
and the RO-. The long-time asymptotic expression, given in
eq 6, shows that the salt effect reduces the term exp[V(a)] but
does not affect the power low oft-3/2. V(r) is given by eq 3
using the Debye-Hückel screening potential. ExtrapolatingV(a)
from eq 4 gives

For 10 mM of inert salt at 250 K< T < 300 K, εs
ice = 100,

εs
liquid = 80, a ) 6 Å, κDHa = 0.2, the asymptotic fluorescence

tail should reduce by about 15%. Figure 6a shows the time-
resolved emission of ROH of HPTS and the quantitative fit in
pure water solution and in 18 mM NaNO3 solution in the liquid
and ice. The fit using the exact salt concentration is given by
the broken line and the solid line is the best fit by the GR model
when the salt concentration is a free adjustable parameter. In
the liquid phase at 298 K the screened Debye-Hückel potential
overestimates the salt effect on the ROH time-resolved emission.
This was also found in our previous study.26 In the solid ice
phase we find the opposite, the Debye-Hückel screened
potential underestimates the actual experimental salt effect on
the ROH time-resolved emission (broken line). To get a better
fit of the calculated curve, we used the salt concentration as a
free adjustable parameter. In the ice at the temperature range
255 K < T < 270 K the effective salt concentrationc′ is about
a factor of 4 larger than the actual salt concentration,c′ ) 4csalt.

At a temperature lower thanT e 250 K the effective concentra-
tion slightly decreases with the temperature decrease. AtT )
250 K the effective concentration is about 2.5 larger than the
actual concentration; see Table 1.

We also studied the salt effect on the luminescence of
2-naphthol-6,8-disulfonate (2N68DS). The 2N68DS ROH is
negatively charged,z ) -2 compared toz ) -3 for HPTS.
The experimental time-resolved emission of the ROH form of
2N68DS in liquid water salt solution of 22 mM NaNO3 or
11 mM NaCl shows a very small salt effect. The calculations
based on Debye-Hückel screened potential overestimate the
small experimental salt effect in the liquid phase at high
temperatureT ∼ 300 K. In ice we find that the time-resolved
emission of ROH 2N68DS cannot be quantitatively fitted with
Debye-Hückel screened Coulomb potential with the correct
salt concentration. As in the case of HPTS, we get a rather good
fit in ice by the GR model with screened Debye Hu¨ckel potential
using an effective concentration of about a factor of 4; see Figure
6b. The fitting parameters for 2N68DS including the correction
factor for the salt concentration are given in Table 2.

The question arises why the experimental salt effect of both
HPTS and 2N68DS in ice strongly deviated from the calculated
curves that underestimate the large salt effect. A plausible reason
is given along the lines of the well-known salting-out effect
upon freezing of a salt solution. On a microscopic level the
nature of the local environment next to the two photoacids in
ice is different from that in the liquid water. In ice the impurities
tend to be confined in small volumes to minimize the ice crystal
energy. In ice the local environment next to a photoacid
molecule contains salt concentration larger than the homoge-
neous concentration,c0.

An alternative speculative explanation for the large salt effect
in ice concerns the possible increase of the dielectric constant
next to the photoacid. The parameters given in eq 6 that govern
the intensity of the long-time fluorescence tail areD, exp[V(a)],
kr andkPT. In general, it is difficult to differentiate between the
different parameters, exceptkPT, which is determined from the
initial decay rate of the contribution of ROH time-resolved
emission. The amplitude of the long-time fluorescence tail
decreases ifV(a) decreases. The Debye radiusRD (eq 3) depends
on 1/εs and the screening potential parameterκDH depends on
1/xεs. If the dielectric constant in doped ice increases with salt
concentration, then the long-time tail intensity should also
decrease as a consequence of the increase in the dielectric
constant with the salt concentration.

According to Jaccard theory44 the value of the dielectric
constant strongly depends on the imperfection of the ice
structure. In ice there are four types of defects, two orientational
defectsD and L and two inonizing defects OH- and H+.
According to the theory the dielectric constant difference,εs -
ε∞ (whereε∞ is the high-frequency value) strongly depends on
the difference in the population between the two kinds of
defects15 (eq 9.34 in ref 15). In the equation numerator the
contribution to the dielectric constant of the population density
of the DL defects and that of the ionizing defects have opposite
signs and thus can cancel each other. Steinmann45 has measured
the dielectric properties of ice doped with hydrogen fluoride. It
was found that the dielectric constant of doped ice decreases to
about the high-frequency dielectric constantε∞ as the concentra-
tion increases. It is possible that inert salt, like NaCl and NaNO3,
changes the densities of the defects in ice in such a way that
the effective dielectric constant increases and thus the Coulomb
potential decreases and the fluorescence long-time tail decreases.

V(a) ) [ 1
1 + κDHa] (11)
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Summary

In this contribution we studied the salt effect on the excited-
state proton transfer in ice. Time-resolved emission was
employed to measure the photoprotolytic cycle of excited
photoacid as a function of temperature, in liquid water and in
ice, in the presence of an inert salt.

As was found previously in the liquid phase, the proton is
first transferred from the photoacid to a nearby water molecule.
Subsequently, it diffuses in the ice under the influence of the
Coulomb potential between H+-RO- that enhances the gemi-
nate recombination. In the presence of an inert salt the Coulomb
potential is partially screened by immobile inert salt ions in the
ice phase. We used two photoacids, HPTS and 2-naphtol-6,8-
disulfonate (2N68DS) and two inert salts, NaNO3 and NaCl.
2N68DS (pK* ∼ 0.7) is a stronger photoacid than HPTS (pK*
∼ 1.35) and transfers a proton to liquid water at about 40 ps.
In general, both photoacid results provide the same information
on the effective screening of electrolytes in ice.

We used the Debye-Hückel theory to express the screening
of the Coulomb electrical potential by the inert salt. We find
that in the liquid phase the measured screening effect is small
and the Debye-Hückel expression slightly overestimates the
experimental effect. In ice, the screening effect is rather large
and the Debye-Hückel expression underestimates the measured
effect. We explain the large screening in ice by the “salting-
out” effect in ice that tends to concentrate the impurities to
confined volumes to minimize the ice crystal energy.
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