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Abstract: About 3.5 ( 0.3 water molecules are still involved in the exothermic hydration of 2-oxopropanoic
acid (PA) into its monohydrate (2,2-dihydroxypropanoic acid, PAH) in ice at 230 K. This is borne out by
thermodynamic analysis of the fact that QH(T) ) [PAH]/[PA] becomes temperature independent below ∼250
K (in chemically and thermally equilibrated frozen 0.1 e [PA]/M e 4.6 solutions in D2O), which requires
that the enthalpy of PA hydration (∆HH ∼ -22 kJ mol-1) be balanced by a multiple of the enthalpy of ice
melting (∆HM ) 6.3 kJ mol-1). Considering that: (1) thermograms of frozen PA solutions display a single
endotherm, at the onset of ice melting, (2) the sum of the integral intensities of the 1δPAH and 1δPA methyl
proton NMR resonances is nearly constant while, (3) line widths increase exponentially with decreasing
temperature before diverging below ∼230 K, we infer that PA in ice remains cooperatively hydrated within
interstitial microfluids until they vitrify.

Introduction

The fluid films wetting ice support important chemical,
biochemical, and environmental processes.1-7 The existence of
subeutectic aqueous solutions,8-10 of unfrozen water bound to
mesoscopic objects, such as membranes and macromolecules,
in the presence of ice,1-3,11,12 and the premelting,13-16 and
prefreezing,17 of pure substances and mixtures reveal that
interfaces differ significantly from bulk phases and can support
novel phenomena.

Upon freezing, solutes largely (>99.9%) accumulate in the
unfrozen portion,6,8,18-24 but the marginal and selective incor-
poration of ions into ice induces sizable polarizations that are

ultimately relieved by interfacial proton migration.25-27 Chemi-
cal reaction rates and equilibria in frozen solutions are therefore
expected to be enhanced by trivial concentration effects,28

generally retarded by the prevalent low temperatures,26,29 and
potentially affected by the acidity changes ensuing freezing.30

Although solute solvation plays a crucial role in chemistry, the
likelihood of water exchange and the extent of solute dehydra-
tion in ice interfacial layers, vis-a`-vis the decreased activity of
water at sub-freezing temperatures, remains largely unexplored.
The hydration of pyruvic acid (PA) into itsgem-diol, 2,2-
dihydroxypropanoic acid (PAH), reaction 1:

whose equilibrium constant,KH:

(whereaw is the water activity) is known to involve more than
the stoichiometric (n ) 1) amount of water in fluid solutions,31-35

should be a sensitive probe of water availability in frozen
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media.36-39 Here, we report magic angle spinning nuclear
magnetic resonance (MAS NMR) and differential scanning
calorimetry (DSC) experiments in fluid and frozen pyruvic acid
aqueous solutions down to 230 K that provide quantitative
information on the physicochemical properties of the quasi-
liquid layer.

Experimental Section

MAS 1H NMR spectra of frozen PA (Aldrich 98.0%, doubly distilled
under vacuum) solutions in D2O (Alfa 99.8%,Tf ) 277.0 K), contained
in capped ZrO2 rotors (100µL, 4-mm internal diameter) spun at 3.2(
0.1 kHz, were acquired with a Bruker ARX500 spectrometer equipped
with a triple resonance 4-mm probe and cavity temperature control.
Spinning samples were allowed to equilibrate for at least 20 min at
each temperature prior to spectral scans. Spectra were scanned over
consecutive cooling and warming sequences spanning the entire
temperature range, or over(2 K cycles about specific temperatures.
Probe temperatures were calibrated using reported1δOH - 1δCH3 vs. T
data for methanol down to 228 K.40 1H NMR spectra of fluid solutions
were recorded with a Varian Unity 500 Plus spectrometer. Thermal
studies on aqueous PA samples (200µL) were performed in a Netzsch
STA 449 differential scanning calorimeter (DSC) calibrated with neat
H2O and D2O standards.

Results and Discussion

The1H NMR spectrum of neat PA(l) at 298 K shows reson-
ances at 8.70 and 2.53 ppm (relative to TMS), which are assign-
ed to acidic and methyl protons, respectively. The1H NMR
spectrum of PA in frozen aqueous solution displays, in contrast,
two methyl bands: one at1δ ) 1.54 ppm, which corresponds
to PAH, and a less intense one at1δ ) 2.38 ppm, the correlate
of the 2.53 ppm PA band (Figure 1). The positions of the 1.54
and 2.38 bands of PAH and PA slightly shift upfield, whereas
their peak intensities and widths change smoothly with decreas-
ing temperature (Figure 1). A single1δ > 5 ppm band, which
markedly shifts downfield and broadens at lower temperatures
(Figure 2), is assigned to mobile water protons19,41-43 arising
from rapid proton exchange between [1H4]PA and solvent D2O.
The1δ band of water held in the relatively anhydrous environ-
ment of reverse micelles is known to shift, in contrast, upfield.42,44

PA and PAH concentrations in aqueous solution are directly
proportional to the 2.38 and 1.54 ppm band areas, respectively.
Figure 3 showsQH ) [PAH]/[PA] measurements as function
of aw (standard state neat water, i.e.,xw ) 1, 298 K) in aqueous
PA solutions of various compositions (0.002e xPA ) 1 - xw

e 0.87) at 298 K. The two curves in Figure 3 were drawn from
presentQH(xw) data by: (1) assumingaw ) xw throughout or,
(2) adopting theaw ) aw(xw) values reported for acetic acid

aqueous solutions. These choices are deemed to bracket the
anticipated (positive) deviations of the water activity coefficient,
γw ) aw/xw g 1, in PA solutions.45-47 The limiting slopes of
the logQH vs logaw plots of Figure (1) ataw f 0 andaw f 1
correspond, according to eq 2, ton0 andn1, the number of water
molecules actually involved in equilibrium (1,-1) in concen-
trated and dilute PA solutions, respectively. We obtain:n0 )
0.9, n1 ) 6.2 for choice (1) above, andn0 ) 1.2, n1 ) 8.3 for
choice (2). Thesen1 values encompass then1 ≈ 6.5 value
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Figure 1. MAS 1H NMR spectra of frozen 0.1 M pyruvic acid solutions
in D2O at 275.3 (A), 261.3 (B), 250.5 (C), and 239.7 K (D). Signals at1δ
≈ 2.4 and≈ 1.5 ppm (vs TMS) correspond to methyl protons of pyruvic
acid and its gem-diol, respectively.

Figure 2. 1δ J 5 ppm water NMR signals in frozen 0.1 M pyruvic acid
solutions in D2O under the same conditions of Figure 1.
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previously reported for PA hydration in water-dioxane mixtures
in the range 0.6e aw e 1.32 The same report reveals strong
deviations ataw e 0.6, which are consistent with the condition
n0 < n1, i.e., with decreased solvation in more concentrated PA
solutions. Notice that then ≈ 3 values derived elsewhere from
log QH vs log [H2O] plots are implicitly based on the choice of
1 M water ideal solution at 298 K as standard state,31 which is
not appropriate for correlating theQH vsaw dependences above
and below the freezing point. It is the activity of pure water,
i.e.,aw in the molar fraction concentration scale, that is related
to the activity of ice, the stable phase, at subfreezing temperatures.

The QH vs. T data obtained in 0.10, 2.32, and 4.64 M PA
solutions above and below their respective freezing points are
shown in Figure 4. As expected,QH increases with decreasing
temperature in the fluid region in all cases. We obtain∆HH )
-27.3 kJ mol-1 for the 0.1 M PA solution, in excellent
agreement with Menzel’s data in D2O as solvent at 298 K,35

and∆HH ) -21.3 and-20.5 kJ mol-1 for the 2.32 and 4.64
M PA solutions, respectively. These figures confirm that PAH
stability and n increase with dilution. As a reference, the
colligatively depressed freezing temperatures (estimated from
the cryoscopic constant of D2O, λ ) 2.01 K molal-1, by

assuming that PA remains largely undissociated) areTf ≈
277.0-2.01 [PA]) 276.8, 272.3, and 267.7 K, for [PA]) 0.10,
2.32, and 4.64 M, respectively. Although these solutions freeze
without discontinuities inQH, the slope: ∂QH/∂T ) ∂(K1 ×
aw

n )/∂T, reverses its sign atTf for the more dilute 0.1 M PA
solution. Ultimately, all QH’s asymptotically merge into a
commonQH ) 4.2 ( 0.3 value below∼250 K (Figure 4).

There is no evidence of thermal hysteresis in these experi-
ments. The sameQH(T) curves, within experimental precision,
were obtained whether the corresponding temperatures were
reached along cooling or warming sequences. The sameQH

values were recovered>60 min after the frozen solutions had
reached thermal equilibrium. Because reactions (1,-1) are
known to exhibit acid catalysis in solution,33,36the fact thatQH’s
measured in frozen acidified solutions are not significantly
different (inset, Figure 4) supports the assumption of chemical
equilibrium in the frozen state, even at the lowest temperatures.
This empirical conclusion is consistent with the relaxation times
τ < 100 s, for approaching equilibrium (1,-1) in aqueous [H+]
) 0.1 M solutions, estimated by extrapolation of available
kinetic data to 250 K.33

These experiments show that equilibrium (1,-1) is not
arrested at the freezing point, but remains dynamic down to
significantly lower temperatures, despite the reduced water
activity and molecular mobilities prevailing in the unfrozen
portion. What prevents the complete dehydration of PAH at
lower temperatures? Althoughaw is a function of bothxw (Figure
3) and temperature in aqueous solutions, the onset of the phase
equilibrium: H2O(l, xw) h H2O(s), rendersaw an exclusive
function ofT belowTf, independent of the nature of the solute.48

The activity of water in equilibrium with ice atT e Tf can be
evaluated from:14,15

where∆HM is the enthalphy of ice melting. Equation 3 leads,
with ∆HM(H2O) ) 6.01 kJ mol-1, to aw ) 0.78 vs the
experimental value for supercooled wateraw ) 0.80 at 250
K.49,50The inverse temperature dependence ofQH in 0.1 M PA
at T > Tf is retrieved from eq 2 with∆HH ) - 27.3 kJ mol-1,
aw ≈ 1: QH ) KH aw

n ∝ exp -(∆HH/RT) ) exp(3621/T). On
the other hand,n may be still approximated byn1 ≈ 7 just below
Tf, but now aw is given by eq 3 with∆HM(D2O) ) 6.34 kJ
mol-1. The expression that follows:QH ∝ exp[-(∆HH +
n1∆HM)/RT] ) exp[-2062/T], correctly predicts the reversal
of ∂QH/∂T about Tf (Figure 4). In contrast with the thermal
behavior of the 0.1 M PA solution, the monotonic increase of
QH upon cooling the 4.64 M PA solution, even below its
corresponding freezing point (Figure 4), implies that in this
case: ∆HH + n∆HM e 0. Thus, PA may become more or less
hydrated in the frozen state, depending on the initial concentra-
tion of the fluid solution. Because∆Cp,m ≈ 0, i.e.,∆HM is nearly
independent of temperature, the thermal behaviors ofQH below
Tf depend on the relative values of∆HH/n and∆HM.

The experimental observation that∂QH/∂T f 0 asT f 250
K for all solutions reflects, therefore, a thermodynamic rather
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Figure 3. log QH vs. logaw in PA solutions in D2O at 298 K. (O) γw )
1. (4) γw as in acetic acid solutions.45

Figure 4. log QH vs 1000/T in: (O) 0.1 M. (4) 2.32 M. (0) 4.64 M PA
solutions in D2O. (Inset) (3) in 0.16 M PA/0.13 M HCl. (+) in 0.16 M
PA/0.5 M NaCl.

aw ) exp[∆HM

R (1
Tf

- 1
T)] (3)
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than a kinetic condition: it actually requires that (∆HH + n∆HM)
f 0 in the presence of ice at low temperatures. The data of
Figure 3 suggest thatn is likely to decrease along with
temperature in the increasingly concentrated solutions remaining
below Tf. By assuming that∆HH f 21.3 kJ mol-1 at low
temperatures (as for the 2.32 M PA solution that leads toQH )
4.0 at the onset of freezing) we arrive at the conclusion that a
minimum of n ∼3.5 ( 0.3 water molecules are needed to
hydrate the carbonyl group of PA in ice below∼255 K. This
figure provides a stringent measure of hydrogenσ-bond
cooperativity as a mechanistic requisite for solute hydration
under rather adverse conditions.2,36,39,51-53

The preceding evidence suggests that PA hydration occurs
in a fluid medium down to, at least, 250 K. A rigid reaction
medium would have otherwise restricted the expansion (∆V1

) -5 × 10-3 L mol-1)54 associated with PAH dehydration.
Because the area of the1δ > 5 ppm signals of Figure 2,Aw,
gauges the amount of liquid water in frozen solutions,9,43 and
Aw vanishes below∼250 K (Figure 5), water seems to freeze
completely at the point at whichQH becomes independent of

temperature. On the other hand, the line widths of methyl proton
resonances, which gradually increase at lower temperatures
(Figure 6), abruptly broaden below∼230 K (i.e., about 20 K
below the disappearance of mobile water) as an indication that
internal rotations of methyl groups become too slow to
effectively average local magnetic anisotropy,55,56 at tempera-
tures that are commensurate with the glass transition of bulk
supercooled D2O, Tg ) 233 K.19,57DSC thermograms of frozen
PA solutions, which display a single endotherm at the onset of
ice melting (Supporting Information), further confirm that PA
aqueous solutions freeze into ice and a fluid solution that
eventually vitrifies at∼230 K.
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Figure 5. Integral intensity of the1δ J 5 ppm water signals as function of
temperature. (4) in 0.10 M PA. (O) in 0.16 M PA/0.13 M HCl.

Figure 6. (O) 1δ: ≈ 2.4 ppm and (4) ∼1.5 ppm signal line widths at
half-height as function of temperature in frozen 0.1 M PA in D2O.
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