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Abstract The role of water’s H-bond percolation network
in acid-assisted proton transfer was studied in water and
glycerol solutions and in sugar glasses. Proton transfer rates
were determined by the fluorescence of pyrene-1-carboxyl-
ate, a compound with a higher pK in its excited state
relative to the ground state. Excitation of pyrene-1-COO−

produces fluorescence from pyrene-1-COOH when a proton
is accepted during the excited singlet state lifetime of
pyrene-1-COO−. The presence of glycerol as an aqueous
cosolvent decreases proton transfer rates from phosphoric
and acetic acid in a manner that does not follow the Stokes
relationship on viscosity. In sugar glass composed of
trehalose and sucrose, proton transfer occurs when phos-
phate is incorporated in the glass. Sugar glass containing
phosphate retains water and it is suggested that proton
transfer requires this water. The infrared (IR) frequency of
water bending mode in sugar glass and in aqueous solution
is affected by the presence of phosphate and the IR spectral
bands of all phosphate species in water are temperature
dependent; both results are consistent with H-bonding
between water and phosphate. The fluorescence results,
which studied the effect of cosolvent, highlight the role of
water in assisting proton transfer in reactions involving
biological acids, and the IR results, which give spectro-

scopic evidence for H-bonding between water and phos-
phate, are consistent with a mechanism of proton transfer
involving H-bonding. The possibility that the phosphate-
rich surface of membranes assists in proton equilibration in
cells is discussed.
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Introduction

Proton transfer rates in living cells are highly regulated.
Trans-membrane proton transfer is coupled with energy
production, whereas proton transfer in the aqueous cellular
solutions must be fast. Proton transfer rates in water are
enhanced by water’s ability to be both an H-bond donor
and acceptor, with the result that hydronium ions diffuse
faster than the diffusion of water molecules [1]. This well-
accepted process is called the Grotthuss mechanism, named
for the researcher who reported early proton diffusivity
measurements [2].

In this paper we are examining the role of water’s H-
bonding network in influencing proton transfer rates under
conditions where the water network is disrupted. Proton
transfer rates are monitored using the fluorescence of
pyrene-1-COO−, a compound that is more basic in its
singlet-excited state relative to ground state. The difference
in pK between ground and excited state molecules is
rationalized by quantum calculations demonstrating that the
aromatic character of the bond between the ring system and
carboxyl group becomes stronger in the excited state [3].
From fluorescence spectra and lifetimes, proton transfer
rates can be determined. Previously, we showed that water
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at neutral pHs does not provide a proton to pyrene-1-
COO−* but a proton could be transferred from acetic and
phosphoric acids in the aqueous solution [4]. Phosphate is
the physiological buffer of living systems; acetate contains
a carboxyl group; this functional group also serves as a
biological buffer and carboxy-groups are found on surfaces
of proteins and in intermediary metabolites. We gave
evidence that phosphate, like water, accelerates rates of
proton transfer by virtue of its ability to be both a proton
donor and acceptor [4].

The experiments are divided into four aspects. First, to
investigate the role of the water network we determine rates
of proton transfer from phosphoric and acetic acids where
water’s H-bond network is disrupted by the addition of
glycerol. Our laboratory group previously examined water/
glycerol solutions by infrared (IR) and computation [5, 6];
the computations showed that glycerol affects the H-
bonding pattern of water at low concentrations, and that
the H-bond percolation network of water is disrupted at
high concentrations. Second, the temperature dependence
of the reaction is studied in order to separate proton transfer
via diffusion of proton donors or from transfer via the H-
bond network. Third, to demonstrate the role of the water–
phosphate complex in proton transfer reactions we use
sugar glasses that have varying amounts of water and are
doped with proton donors. Water content of sugar glasses
can be determined by IR spectroscopy [7] and proteins
have been incorporated in sugar glasses with retention of
conformation [7, 8]. Because of these reasons, sugar
glasses are a good model to study the role of water in
proton transfer. It is shown that the OH stretching
frequency of water is affected by the presence of phosphate
both in sugar glass and in aqueous solution, supporting the
idea that phosphate participates in the H-bond network.
Finally, IR spectroscopy was used to examine the effect of
water on phosphate. We present the IR spectra of all
phosphate forms as a function of temperature. As temper-
ature decreases H-bonding strength increases [9]; the
changes in the bending and stretching frequencies of
phosphate are strong evidence of H-bonding interactions
between phosphate and water.

Materials and methods

Materials

Water was deionized and then glass distilled. Pyrene-1-
carboxylic acid was obtained from Fluka Chemie GmbH
(Deisenhofen, Germany). Na2HPO4-7H2O, NaH2PO4 and
Na-acetate were Baker analyzed reagent grade. Spectral
grade glycerol was obtained from Sigma Company. The
pHs of solutions were measured using a glass electrode that

was calibrated with standard buffers. All samples were
equilibrated with atmosphere.

Preparation of sugar glasses

Sugar film was prepared as previously described [8]. Stock
sugar solution or sugar solution containing Na-acetate or
Na-phosphate at pH 5.0 was plated on a CaF2 plate (Janos
Technology). The samples were allowed to dry for >3 h at
65 °C for “dehydrated” samples. During drying, the sample
temperature was maintained using a VWR Scientific
Products Heat Block. For “hydrated” samples the samples
were maintained at 65 °C for 30 min, and allowed to sit in
the atmosphere. The resulting sugar films were ~6–20 μm
in thickness. Infrared spectra were taken of samples; this
allows evaluation of the ratio of water to sugar in the glass
[7]. The “dehydrated” glasses made without phosphate or
acetate and sugar glass containing acetate had no IR-
detectible water remaining. Phosphate-containing sugar
retained water even after “dehydration” conditions. The
hydrated sugar samples contained about one water mole-
cule/sugar molecule. The IR spectra of the sugar containing
acetate showed the symmetric and anti-symmetric stretches
of the carboxylate, showing that acetate retained the
protonation state in the glass that it had in the starting
solution

Absorption, fluorescence and IR spectroscopy

A Hitachi Perkin-Elmer U-3000 absorption instrument
(Hitachi Instruments Inc., Danbury, CT, USA) was used to
take ultraviolet-visible absorption spectra.

Fluorescence emission spectra were measured with a
Fluorolog-3-21 Jobin-Yvon Spex Instrument SA (Edison,
NJ, USA) equipped with a 450 W Xenon lamp for
excitation and a cooled R2658P Hamamatsu photomulti-
plier tube for detection. Slit width was set to provide a
band-pass of 2 nm for excitation and for emission. The
concentration of pyrene-1-carboxylate was adjusted to give
an absorbance of 0.05 at the excitation wavelength,
333 nm. Measurements used 90° geometry.

Infrared spectra were obtained with a Bruker IFS 66
Fourier transform IR spectrophotometer (Bruker, Brookline,
MA, USA). The sample compartment and optical path were
purged with nitrogen to reduce the contribution from
atmospheric carbon dioxide and water vapor. The signal
was monitored using an HgCdTe detector. The sample
temperature was regulated using a Neslab RTE 740 water
bath (Thermo Electron Corp., Waltham, MA, USA) and
was monitored using a Fisherbrand Traceable Total-Range
digital thermometer (Fisher Scientific International Inc.,
Hampton, NH, USA). All spectra were taken in transmis-
sion mode with an aperture of 2.0 mm and a spectral
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resolution of 2 cm−1. CaF2 windows were used for the
measurement of sugars and ZnSe windows were used for
the measurement of phosphate. Before measurement of the
sample spectra, the transmission spectrum of atmosphere
(i.e., water vapor and CO2) and windows without the
sample was taken for reference. Spectra were processed for
water vapor and CO2 compensation, for baseline correction,
nine-point Savitsky–Golay smoothing, and conversion to
absorbance using OPUS v. 5.0 software (Bruker).

Fluorescence lifetime measurements

Fluorescence intensity decays were measured using the
time-correlated single-photon-counting FluoTime200 fluo-
rimeter (PicoQuant, Inc., Berlin, Germany). This instrument
has a pulsed 334 nm light-emitting diode for excitation and
uses magic angle polarizer orientation to avoid effects of
Brownian rotation. Emitted light was selected using a
monochromator. A microchannel plate is the detector and
the data were fitted with FluoFit software (PicoQuant,
version 4). The lifetime is obtained from the time course of
the intensity:

I tð Þ ¼ Aet=C ð1Þ
where A is the initial amplitude of intensity and C is the
lifetime. The observed rate constant, kf=1/C.

Data analysis to obtain proton transfer rates

Figure 1 gives the reaction diagram. The experiments were
usually carried out at pH 5.0. Therefore, most of the pyrene
derivative is in the carboxylate form. As seen in the

diagram, whether fluorescence originates from pyrene-1-
COO−* or pyrene-1-COOH* depends on the rate of
protonation and the rate of fluorescence decay. Protonation
of pyrene-1-COO* results in a quenching of its fluores-
cence. Data for fluorescence lifetimes are given in Table 1.
The fluorescence decay can be described by a single
exponential function, as indicated by reduced χ2 values
close to 1. The lifetime of pyrene-1-COO− in glycerol
solution was somewhat lower than for the water solution.
In-as-much that O2 quenches excited state pyrene [10], the
lower lifetime in high glycerol may be due to higher
concentration of O2. Neither water nor glycerol provided a
proton to pyrene-1-COO−* as indicated by the fact that in
either solvent excitation of the carboxylate did not produce
emission of pyrene-1-COOH*. The fluorescence lifetime of
pyrene-1-COOH is also given in Table 1. This lifetime is
not involved in the calculation, except to note that it is
much shorter than the lifetime of pyrene-1-COO−. Its
shorter lifetime, plus the lower energy of the emission of
pyrene-1-COOH, relative to pyrene-1-COO−, lessens the
likelihood that the protonation reaction is reversible in the
excited state.

The intensity, relative yields of acid and base forms and/
or lifetimes were used to determine rate constants. Spectra
were analyzed to give relative concentrations of acid and
base forms based upon the emission spectra. The quantum
efficiencies of pyrene-1-COO− and pyrene-1-COOH were
determined by taking the integrated intensity of samples
adjusted to the same optical density at 333 nm. To obtain
the integrated intensity, the fluorescence spectra were
converted from wavelength to wave number, using litera-
ture accepted procedure and representation [11].

To calculate the unimolecular rate constants (i.e. rate at a
given proton donor concentration), it was assumed that at a

Fig. 1 Scheme for excited state protonation. Ground and excited state
pKs of pyrene-1-COOH are indicated. Non-radiative decay rates are
indicated by knr and fluorescence decay rates by kf. The bimolecular
rate of protonation is indicated by k1

Table 1 Fluorescence lifetimes of pyrene-1-COOH and pyrene-1-
COO− at 20 °C in water and glycerol

Compound pH Solvent τ, ns χ2
R

pyrene-1-COOH 1.0 H2O 4.9 0.95
pyrene-1-COO− 10 H2O 37 1.05
pyrene-1-COOH 1.0 50% glycerol 4.8 1.23
pyrene-1-COO− 9.5 0% glycerol 37.1 1.04

10% glycerol 35.3 1.01
20% glycerol 34.3 1.01
30% glycerol 33 1.01
40% glycerol 31.7 1.01
50% glycerol 30.5 0.98
60% glycerol 29.3 0.99
70% glycerol 28.4 1.00
80% glycerol 27.7 1.01
90% glycerol 27.2 1.28
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given proton donor concentration the rate of decay of
fluorescence, kobs at a fixed [HA] concentration is:

kobs ¼ kf þ kt ð2Þ
where kf is themeasured fluorescence decay rate in the absence
of quencher. The rate of transfer, kt is the simple difference
between the two measured rates. This measurement is valid,
since as noted above on Table 1, the decay function is single
exponential. Equipment was not available to measure fluores-
cence lifetime at all temperatures, and so the observed rates
kobs were obtained from the temperature dependence of
fluorescence intensity making the assumption that fluores-
cence intensity, F, is proportional to lifetime C, i.e.:

FαC

then

1= F=Foð Þ*Coð Þ ¼ 1=Co þ kt ð3Þ

When bimolecular rate constants were determined, the
Stern–Volmer relationship was used:

Co=C ¼ Fo=F ¼ 1þ C
e0
kq HA½ � ð4Þ

where kq is the desired rate constant with units of per molar
per second, [HA] is the concentration of the proton donor,
and Co and Fo are the respective lifetimes and intensities
(based upon integrated areas) for pyrene-1-COO− fluores-
cence without added proton donors, i.e. without phosphate
or acetate. In temperature dependence measurements it is
difficult to obtain Fo and F fluorescence intensities relative
to each other since a separate sample must be prepared for
every temperature, and the sample cell cannot be positioned
in the beam exactly the same from sample to sample. In
these cases, the effective intensity for Fo was obtained as
follows: the spectra were deconvolved for contributions of
pyrene-1-COO− and pyrene-1-COOH, and then the inten-
sity of pyrene-1-COO− was calculated to what it would be
if no pyrene-1-COOH had been formed. For every
temperature and glycerol concentration spectra of pyrene-
1-COO− and pyrene-1-COOH were determined as a basis
for the deconvolution.

Estimation of pK change with addition of glycerol

In our previous work we established that the acid form of
the buffer is the proton donor [4]. Since the fluorescence
measurements were made at pH values near or above the pK
of the acid, the concentration of acid is calculated based upon
the experimentally known salt concentration and its pK. To
determine the concentration of the acid forms in water the
following pKs were used: 2.12 for phosphate and 4.76 for
acetate. The presence of glycerol can change the pK. To
determine the pK values of the acids in glycerol, glycerol
was added to the buffer and the pH change measured. Using
the Henderson–Hasselbalch equation, we obtained pK
values of 2.42 for phosphate and 5.0 for acetate in 1/1 (v/v)
glycerol/water. Concentrations of the acid forms of the
proton donors were calculated at pH 5.0 as [H3PO4]=
0.0026×[total phosphate salt] and [acetic acid]=0.5×[total
acetate salt].

Results

Effect of glycerol on protonation rates

Emission spectra of pyrene-1-carboxylate in the presence of
phosphate at pH 5 are given in Fig. 2a for aqueous solution
without glycerol and in Fig. 2b for solution with glycerol.
The deconvolved components of the spectra are also
shown, to illustrate the analysis procedure. It can be seen
that the contribution of the acidic form (label 2) is reduced

Fig. 2 Analysis of fluorescence emission spectra for contributions
from pyrene-1-COO− and pyrene-1-COOH. Dye concentration was
1 μM in: a water, b glycerol/water (1/1 v/v) at 20 °C. Thin lines are
experimental spectra for: 1 pyrene–carboxylate in the presence of 1 M
phosphate, sodium salt, pH 5; 2 pyrene-1-COOH at pH 1; 3 pyrene-1-
COO− at pH 9.0. Thick lines labeled 1 are the sum of the deconvolved
spectra. The ratio of acid/base, based on integrated intensity, was 2.9
in water (a) and 1.4 in glycerol/water (b)
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relative to the basic form (label 3) in the presence of
glycerol. At the excitation wavelength used, the relative
quantum yield of pyrene-1-COOH to pyrene-1-COO−

(based upon the integrated intensity of the acid and basic
forms at extreme pHs) is 1.33. From the integrated
intensities of the sample in Fig. 2a, Fo/F is 3.21 and in
Fig. 1b Fo/F is 2.05. Not shown are the spectra of pyrene-1-
COO− at pH 5.0 in the respective solvents. The emission
spectra showed no evidence of excited state proton transfer
reaction, but a small component of pyrene-1-COOH* was
seen, consistent with ground-state concentration of this
species at this pH.

The fluorescence ratio Fo/F of the basic form is plotted
following Eq. 4 for acetate and phosphate in Fig. 3a,b. The
plot with acetate is linear at low concentrations but, at high
concentration, it approaches a limiting rate. The rate over
the entire concentration slows in the presence of glycerol.
The titration with phosphate shows cooperative behavior, as

previously noted [4]. Glycerol reduces the yield of
protonation, but features of the titrations (i.e. limiting rate
for acetate and cooperativity for phosphate) are maintained.

The unimolecular rates of reaction as a function of mole
fraction of glycerol/ water are shown in Fig. 4. The
unimolecular rate constants, based on Eq. 2 and the
lifetimes presented in Table 1, are for 0.3 M Na acetate
and 1 M Na phosphate, pH 5. The reaction rates of proton
transfer from phosphoric and acetic acids decrease in
glycerol cosolvent.

As glycerol concentration increases, there are more
glycerol–glycerol interactions. The changes in molecular
interactions are manifested as a change in viscosity. In the
ideal case, the diffusion-controlled rate for large spherical
molecules depends upon temperature and viscosity of the
solvent by:

k ¼ 8RT=3000η ð5Þ
where η is the viscosity in Poise. Figure 5a presents the
data shown in Fig. 4 but instead the transfer rate is plotted
as a function of inverse viscosity. Although the absolute
values for proton transfer differ for acetate and phosphate,
the effect of glycerol is nearly the same. Both show non-
ideal behavior; at high glycerol concentrations: the rate
decreases more than predicted from viscosity-dependent
diffusion alone. Experimental literature data showing the
regimes of three dimensional and two dimensional net-
works based on physical measurements [12, 13] are also
indicated in the figure. In Fig. 5b, computed H-bonding
neighbors for water, based on the work of Dashnau et al. [5]
are shown. The open squares represent water in the three-
dimensional network, and it can be seen that at high

Fig. 3 Stern–Volmer plots of fluorescence yield of 1 μM pyrene-1-
COO− in the presence of acetate (a) and phosphate (b) at 20 °C at pH
5, in water (closed circles) and 1/1 v/v glycerol/water, i.e., 0.21 mol%
(open circles). Fluorescence yield (F) relative to the yield in the
absence of proton transfer (Fo) was calculated from deconvolved
spectra as described in “Materials and methods” and Fig. 2

Fig. 4 Unimolecular rate of protonation of excited state pyrene-1-
COO− or fluorescence quenching as a function of mole fraction
glycerol at 20 °C. Solution was at pH 5.0 and 1 M phosphate (circles),
0.25 M acetate (triangles) as sodium salts. The rate constant was
calculated using deconvoluted spectra, measured fluorescence life-
times (Table 1) and Eq. 2
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viscosity the network is decreased. One can see that the
interruption of the three-dimensional water network coin-
cides with decreased rate of proton transfer.

Effect of temperature

Reducing temperature decreases the proton transfer rate for
reactions of acetic and phosphoric acids with pyrene-1-
COO−*. Spectra in Fig. 6a,b document changes in
fluorescence as a function of temperature for the base and
acid forms in the absence of excited-state proton transfer
and provide spectra required for deconvolution of the
spectra in the presence of proton transfer. The spectra of
Fig. 6c show that in the presence of phosphate the yield of
the protonated form decreases as temperature decreases.

If the reaction of excited state involves rearrangement of
atoms, then the reaction can be described as a product of an
efficiency factor, A, and the Boltzmann factor −ΔE/RT, as
expressed by the Arrhenius equation:

k ¼ Ae�ΔE=RT ð6Þ
where R is the universal gas constant (R=8.314 JK−1 mol−1),
ΔE is the energy of activation and T is the Kelvin
temperature.

Experimentally determined bimolecular rate constants
for proton transfer are plotted in Fig. 7 as a function of
reciprocal temperature according to Eq. 6. Equation 5 was

Fig. 5 a Unimolecular rate constant of pyrene-1-COO− quenching by
1 M phosphate (circles) and 0.3 M acetate (triangles) at 20 °C as a
function of reciprocal of viscosity (cP) of the glycerol–water system
described in Fig. 4. Bottom: H-bonding network based on thermody-
namic parameters [12, 13]. b Water H-bonding calculated based on
glycerol concentration. Squares refer to water–water interactions and
refers to bulk water; circles are waters involved in the solvation shell
around glycerol and triangles are waters that are solely H-bonded to
glycerol hydroxyl. Details are found in Dashnau et al. [5]

Fig. 6 Effect of temperature from 240–290 K on protonation as
indicated by fluorescence emission spectra. a Pyrene-1-COO− in 1/1
(v/v) glycerol/water pH 9.5, b pyrene-1-COOH in 1/1 (v/v) glycerol/
water pH 1, c pyrene-1-COO− in 1 M phosphate pH 5 in 1/1 (v/v)
glycerol/water i.e., 0.21 mol fraction. Spectra taken at temperature
increments of 10°
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used to calculate bimolecular rate constants based on
literature viscosity data, and these data are also plotted in
Fig. 7. The rates for proton transfer from phosphate are
higher than predicted from simple diffusion. The values for
ΔE are 2.7, and 3.9 Kcal/mol for the reaction of H3PO4 in
water and glycerol/water, respectively. These respective
values are 1.8 kcal/mol and 5.1 kcal for acetic acid.

The calculated rate constants based upon viscosity are
not rigorously linear in the Arrhenius plot of Fig. 7. The
Arrhenius equation assumes a single activated intermediate.
In the case of glycerol/water solutions, there is likely to be a
distribution of barriers that determine viscosity.

To summarize the above: the ability of phosphate and
acetate to transfer protons to the excited state fluorescent
molecule is slowed by glycerol. The data presented in
Fig. 7 indicates that phosphate is more active than predicted
from the Stokes relationship for proton transfer.

Proton transfer and the presence of water in sugar glass

The next experiments were undertaken to attempt to abolish
translational diffusion, but to retain a H-bonding network.
Optically transparent sugar glasses were prepared that

contain two disaccharide molecules/molecule of acetate or
phosphate. As indicated in “Materials and methods”,
infrared spectroscopy can tell us the ratio of the glass
components. The sugar glasses were dry (no detectible
water by IR) or hydrated with water (~1 water/1 sugar
molecule). Figure 8 shows emission spectra of pyrene-1-
COO− in trehalose/sucrose glass. No proton transfer was
seen in glass that was dry with no added phosphate or
acetate (curve 1) or dry glass containing acetate (curve 2).
We also examined the spectra of pyrene-1-COO− in
hydrated glass that had no dopant or contained Na-acetate
salt. These spectra are not shown but were identical to
curve 1 and 2 in that they indicated that no proton transfer
occurred during the excited state lifetime. In contrast, as
shown by the spectrum in curve 3, when phosphate is
present, protonation occurs during the excited state lifetime
of the probe.

IR spectra of the trehalose/sucrose glass were examined
to characterize water in the glass. The IR bending mode of
water is shown in Fig. 9. The glass that contained
phosphate retained water under conditions of the sample
preparation. The sugar/phosphate/water ratio was ~2:1:1.

The peak position of water bending mode reveals
information on the bonding of the water molecule [9, 14].
The peak position frequencies of the water-bending mode
are listed on Table 2 and plotted as a function of
temperature in Fig. 10. In the presence of phosphate, the
HOH bending frequency is higher than in hydrated glass or
in water over the entire temperature range. Higher frequen-
cy is correlated with tighter H-bonding [9]. Table 2 also
lists the HOH bending frequency of water in phosphate
solutions. The presence of the phosphate salt increases the
HOH bending frequency, consistent with stronger H-bonding.
The phosphate solution contains Na+, but it was shown that

Fig. 7 Arrhenius plot of the bimolecular rate constant for the reaction
between excited state pyrene-1-COO− and phosphate (circles), acetate
(squares). Solvent was water for open symbols and 1/1 (v/v) glycerol/
water for closed symbols. Diffusion rates in water (asterisks), and 50%
glycerol (crosses) calculated based on viscosity data from the
“Handbook of Chemistry and Physics” [36] and Eq. 5. Units of kq
are per molar per second

Fig. 8 Fluorescence emission spectra of pyrene-1-COO− in water-free
trehalose/sucrose sugar glass: (1) no dopant, (2) with sodium acetate
and (3) sodium phosphate. The mole ratio of sugar to salt was 2/1
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NaCl does not alter the IR frequency of water [15], and
therefore the shift in the presence of Na phosphate is due to
water association with phosphate and is an excellent
indication that water is strongly H-bonded to phosphate.

We considered the possibility that acetate might have
been lost as acetic acid during the drying procedure.
However, this was not the case, since we saw the
carboxylate stretching bands in the IR spectrum of the
sugar glass (spectrum not shown).

Phosphate infrared spectra

If water is H-bonding strongly to phosphate, phosphate’s IR
absorption bands should reflect this. IR absorption bands

Fig. 10 IR HOH bending mode as a function of temperature. Closed
squares: neat water; open circles: HOH in hydrated trehalose/sucrose
glass; closed circles: HOH in phosphate containing sucrose glass

Table 2 IR absorption peak positions and band-width (full width at
half maximum) of HOH bend in liquid and trehalose/sucrose (TS)
glass

Conditions 20 °C 60 °C

Frequency,
cm−1

Fwhm,
cm−1

Frequency,
cm−1

Fwhm,
cm−1

H2O, bulk 1,646.6 85.4 1,644.6 76.1a

Glycerol/water
(6/4, v/v)

1,653.5 73.6 ND ND

TS hydrated 1,650.6 62.9 1,646.4 56.4
TS-phosphateb 1,654.4 61.6 1,650.8 60.0
Na phosphate, 1 M in waterc

pH 4 1,648.2 83.3 1,645.9 76.2
pH 9 1,648.3 89.5 1,646.3 79.5
pH 11.3 1,649.9 89.8 1,647.0 79.9

ND Not determined, FWHM full width at half maximum
a 45 °C
b Trehalose/sucrose/phosphate: 1:1:1 molar ratio
c Phosphate/water: 1:22 molar ratio

Fig. 11 IR absorption spectra of 2 M sodium phosphate in water
measured at different pHs and at 10–20 °C (thick line) and 60–70 °C
(thin line). a H3PO4, pH 1.2 component of was subtracted. b , pH 4.0.
c pH 9, d , pH 11.3. Spacer of the IR cell was 100 μm

Fig. 9 Normalized IR spectra for HOH bending mode in trehalose/
sucrose glass and water. (1) water, (2) hydrated sugar glass, (3) dried
sugar glass with phosphate at a 2:1 sugar/salt molar ratio
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involved in H-bonding to water are temperature dependent,
unlike most bands [9].

The spectra of all protonated forms of phosphate in HOH
are shown for two temperatures in Fig. 11. The temperature
dependencies of the major phosphate bands are shown in
Fig. 12. Peak positions for phosphate IR absorption,
tentative assignments and the frequency differences at two
temperatures are given in Table 3. Klahn et al. [16] have
calculated the effect of hydration on the IR spectra of
phosphate ions in water. For instance, hydration of H2PO

�1
4

shifts the calculated frequency of νa(POH) from 735 cm−1

to higher frequency. If H-bonding to water decreases with
increasing temperature, then the temperature dependence of
this mode should be negative. In fact, the frequency is
lower at higher temperature (Table 2). The temperature
dependence of νa(PO) is predicted to be positive based
upon the hydration calculations, and this is what is
experimentally found.

In summary, the temperature dependence of the IR
spectra is consistent with H-bonding between phosphate
and water, and decreased H-bonding as temperature
increases.

Discussion

Excited state proton donors, i.e., molecules that become
more acidic in the excited state relative to the ground state,
have been used in studies of protein and macromolecule
surfaces [17–19]. Excited state proton acceptance can also
occur during the time-scale of excited states; for instance,

aromatic amines become more basic upon excitation [20].
Carboxy-aromatic molecules, as seen in the case of pyrene-
1-carboxylate, also become more basic in the excited state
and allow study of proton transfer in pH ranges that are
relevant for biology [4].

In this work, we examined proton transfer rates when
glycerol alters the water matrix. Water/glycerol solutions
are widely used to store and study bio-macromolecules,
organelles and cells at low temperature [21, 22], and are
used experimentally to alter protein dynamics [23–26] and
reaction rates [27]. Glycerol itself does not donate a proton
to pyrene-1-COO−*, as was verified by emission spectra.

Fig. 12 Temperature dependence of absorption maxima of sodium
phosphate. A H3PO4, pH 1.2: νa(POH) open circles, νs(POH) closed
circles; B pH 4.0: ν(PO) closed squares, νa(PO) closed triangles and

νa(POH), closed circles; C pH 9.0: νa(PO) open circles, νs (PO closed
circles); D , pH 11.3 νa(PO) closed squares

Table 3 IR peak positions for 1 M Na phosphates in water at two
temperatures

Frequency
(cm−1) 10 °C

Frequency
(cm−1) 70 °C

Δcm−1/deg Mode,
tentative
assignment

H3PO4 1,171 1,1849 0.215 νa(POH)
1,004 9987 −0.088 νs(POH)

H2PO
�1
4 1,155 1,161.3 0.105 νa(PO)

1,077.1 1,078.9 0.030 νs(PO)
944.8 935.3 −0.158 νa(POH)

1,197.5 1,204.9 0.123 δa(POHH)
HPO�2

4 1,081.5 10824 0.020 νa(PO)
991.3 9892 −0.047 νs(PO)

1,233.4 δa(POHH)
PO�3

4 1,012.8 1,0115 −0.022 νa(PO)

Assignments for bending δ and stretching ν modes based upon the
work of Klahn et al. [16]. Subscript a refers to antisymmetric;
subscript s refers to symmetric.
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Glycerol has little direct other influences on the excited
state molecules as seen by the small dependence of the
emission spectra on glycerol (Fig. 2), and the lifetime
(Table 1). The pK of phosphate and acetate may change as
glycerol is added. A change in pK may alter the rate in two
ways. First, the rate is dependent upon the driving force
[28]; the rate may change due to this. Second, since, we
calculate the amount of H3PO4 and acetic acid based upon
their pKs, and uncertainty in the pK in glycerol solutions
would add a systematic error. However, to circumvent this,
the pKs were determined based upon change of pH
measured in given glycerol concentrations. The observed
difference in rate for diffusion and for phosphate reaction,
which is an order of magnitude, cannot be accounted for by
possible error in calculation or change in driving force.

Making reasonable assumptions, all based upon exper-
iment, we consider how cosolvent affects proton transfer.
One effect of cosolvent is to reduce the rate of proton
transfer by reducing diffusion rates of the weak acids that
serve as the proton donors. Glycerol solutions are more
viscous than pure water and since protonation rates are
dependent upon the diffusion of reactants, proton transfer
rates are decreased. A second effect is that the presence of
cosolvent affects the H-bonding network of water. The
diffusion of hydronium in water occurs at rates faster than
the diffusion of other cations [29]. Water is both an H-bond
donor and acceptor, and it is widely agreed that by
changing the H-bond arrangement, protons can be trans-
ferred without translational diffusion of water’s oxygen
atom.

Taking this in mind, we note that the rate of proton
transfer decreases about five times in going from water to
~0.8 mole fraction of glycerol at the given phosphate or
acetate concentration [Fig. 4). When rate was considered as
a function of viscosity, non-linear behavior was seen for
both proton donating systems (Fig. 5). In the viscosity
range of 1 to 2.5 cP the proton transfer reaction follows the
Stokes relationship (Fig. 5a). In this range, there is still a
three dimensional network of H-bonds (see Fig. 5b; data
based on literature [5, 12, 13]). At higher glycerol
concentrations, non-linear dependence on viscosity is seen,
consistent with a slowing of the reaction when the H-
bonding network is disrupted. Consequently, it appears that
when the network of water H-bonding is intact, both
diffusive and H-bond assisted components determine the
rate.

The dependencies of the rates of protonation by acetic
and phosphoric acid show similar dependence upon the
glycerol concentration. However, the rate of reaction for
phosphate is higher than predicted for two diffusing spheres
(Fig. 7). So how can one account for the apparent high
proton transfer ability of phosphate? Previous work gave
evidence that phosphate ion enhances proton transfer rates

in water; the enhanced proton transfer rate is attributed to
phosphate’s ability, like water, to be both a proton donor
and acceptor [4]. At the 1/1 glycerol/water studied, the two
dimensional H-bonding network of water is still intact, but,
in effect, the rate decreases in part because the effective
path-length through the 2-D network is long.

At 1 M phosphate, the average distance between
phosphate molecules is 11.8 Å. This distance, along with
charge repulsion, suggests that there is no direct phosphate–
phosphate interaction. The evidence is consistent with the
view that water is involved in the proton transfer reaction of
phosphate. In sugar glass, where there is no translational
diffusion, proton transfer can occur when phosphate is
present (Fig. 8). In phosphate-doped glass, water is retained
(Fig. 9). The stretching and bending frequencies of
phosphate are temperature dependent; this suggest water/
phosphate interactions since as temperature increases, H-
bonding between water molecules decreases, and IR
frequencies change [9]. Acetate provides a contrast to
phosphate; at high acetate concentrations in glass, whether
it is hydrated or water free, no proton transfer occurred
within the excited state lifetime of the probe.

We speculate on the relevance of results of our paper to
proton transport in cells. The possibility of rapid lateral
proton transfer on membrane surfaces has long been
considered [30–33]. Phospholipids are the major lipid of
membranes, and at the membrane surface the phosphate
groups in the lipid heads are bonded to water molecules.
The surface area of one phospholipid molecule is around
70 Å2 [34]. The average distance between phosphates then
is ~7–8 Å. At this distance, proton transfer necessitates the
involvement of water, which has also be demonstrated for
similar systems [35]. The surface of membranes would
therefore be highly conducting to protons with the effective
proton network consisting of water and phosphate groups.

In summary, the data presented in this paper suggest that
H-bonding interactions between water molecules and
phosphate assist in proton transfer.
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