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Entropic Effects and Slow Kinetics Revealed in Titrations of D,O—H,0O Solutions with
Different D/H Ratios
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There is much renewed interest in the arrangement and kinetic of hydrogen bonds in water and heavy water.
D,0 forms a higher average number of hydrogen bonds per molecule (10% more) compared to the case for
H,0, which cause a larger entropic cost for solvating molecules in D,O. Here we used isothermal titration
calorimetry (ITC) to investigate the enthalpy of titration of D,O—H,O solutions with different D/H isotope
ratios. We found significant enthalpy deviations (exothermic contributions) relative to the computed enthalpy
for the limit of ideal mixing both for dilution titration and for concentration titration (injection of solutions
with lower D/H ratios into solutions with higher ratios and vice versa). We propose that the observed exothermic
deviations might be connected to entropic effects associated with differences in the H and D arrangements
that depend on the D/H ratio of the solutions. This ratio varies during the titration processes, leading to the
entropy production beyond that of ideal mixing. We also used the ITC in the nonstirring mode to measure the
titration kinetics and found long relaxation times of up to tens of minutes for the concentration titrations (but
not for the dilution titrations). These observations are consistent with slow propagation of the reaction H,O

+ D,0 < 2HDO that involves hopping of deuterium and rearrangements of the H and D bonding.

Introduction

Water, the most complex and challenging natural substance,
exhibits different behavior from that of other liquids with similar
chemical bondings.'® Much experimental and theoretical effort
has been devoted over the years to characterize and study water
anomalies. More recently, several mechanisms related to chains
and networks of hydrogen bonds,”® low and high density
water, 1% and the role of ortho- and para- water have been
proposed''~!3 as possible mechanisms to explain water anoma-
lies. Yet there is no agreed upon mechanisms and the origin of
water anomalies is still a mystery posing one of the most
fundamental open questions in physics and chemistry.'*!3

The studies presented here are motivated by the anomalous
differences between ordinary H,O water and the D,O heavy
water in terms of the material properties, transport coefficients,
and kinetic processes.'® The measured differences significantly
exceed those expected on the basis of the mass (atomic weight)
difference between the two isotopes (the atomic weight of
deuterium is Mp = 2.014 g/mol, and of hydrogen is My = 1.008
g/mol). In particular, the current research has been geared toward
macroscopic thermodynamic investigation of effects associated
with the changes in the arrangements of the hydrogen bonds in
H,0O—D,0 solutions as a function of the D/H ratio.

Previous studies investigated the effect of the lower volume
packing density of D,O compared to that in H,O on the
physicochemical properties of nonpolar and polar solutes in
H,0—D,O0 solutions.!”!® The results were related to the higher
average number of hydrogen bonds per molecule (10% more)
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in D,O compared to the number of bonds in H,O. It was
proposed that the excess bonds generate entropic effects reflected
in a larger entropic cost! for solvating molecules in D,O and
bond rearrangements in H,O—D,O solutions in comparison to
those in pure water.20-?’

It is reasonable to expect that the excess bond number and
bond rearrangements (if existing) should also be reflected in
the enthalpy of mixing of H,O—D,O solutions with different
D/H ratios. To be more specific, H,O—D,0O solutions are
composed of three components, HO, D,0, and HDO. For a
solution with a given D/H ratio, the molar ratio between these
three constituents is governed by the reaction constant of the
endothermic reaction: H,O + D,O <= 2HDO. Therefore, the
heat production during the titration of H,O—D,O solutions with
different D/H ratios, AQgeac, includes two contributions: (1) the
reaction enthalpy contribution AHg and (2) the entropy contri-
bution ASorqer, associated with the changes in the bulk entropy
of H,O—D,O solutions with different D/H ratios.

The heat production during titration, AQge,c iS proportional
to the change in the number of moles of HDO molecules during
the mixing, Anyp, multiplied by the molar enthalpy of the
reaction AHg. In previous studies® using heat flux calorimetry,
the endothermic enthalpy of the reaction AHg, was computed
to be equal to 15.5 cal/mol of HDO formation and was found
to be temperature independent in the range 298—373 K. It is
important to emphasize that the enthalpy of the reaction was
computed from the measured heat of mixing assuming ideal
mixing (mixing of ideal solutions). In other words, entropy
contributions to the heat production during the titration, are
associated with deviations from ideal mixing.

Hence, ASoer is associated with entropy changes that deviate
from those that correspond to the case of ideal mixing. Such
changes are likely to be associated with differences of the bulk
entropy between H,O—D,O solutions with different D/H ratios.
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Such bulk entropy differences are presumably related to the
differences in hydrogen bond arrangements according to the D/H
ratios.

Since the current studies were aimed at investigating the
entropic effects of D,O—H,0O solutions, the focus was on
accurate measurements of the entropy contribution ASoger, OF
in other words, on the deviations from the limit of ideal mixing.
To achieve the required level of accuracy, we investigated the
enthalpies of mixing of the D,O—H,O solutions with different
D/H ratios using isothermal titration calorimetry. Currently, ITC
is the most sensitive method for measuring the total heat changes
during mixing/reaction processes.”’® We performed detailed
studies of both concentration and dilution titrations (titration
of solutions with low D/H ratio by solutions with higher D/H
ratio and vice versa) for a wide rage of solutions with different
D/H ratios.

For both cases we found similar significant deviations from
the limit of ideal mixing. In particular, the total measured heat
of the reaction was lower than the value computed for the limit
of ideal mixing. Since, as we mentioned before, the reaction is
endothermic, the results indicate exothermic entropy contribution
that might reflect entropic effects associated with changes in
the number and arrangements of hydrogen bonds in D,O—H,0
solutions with different D/H ratios.

In conventional protocols, also followed in our measurements
of the heat of mixing, the titration process in the ITC is
performed while stirring the bulk solution in the apparatus cell
(that is of about 1 mL volume) to guarantee good mixing. Yet,
it is also possible to use the ITC in a nonstirring mode. This
mode, which is less frequently used, can yield information about
the reaction kinetics, provided the kinetics is sufficiently slow.
More specifically, the reaction kinetics depends on the reaction
rate or the reaction propagation in the case of diffusion-limited
reaction, i.e., when the diffusion rates are slower than the
reaction rates.

Thus, to extract information about the reaction kinetics, we
also performed ITC measurements in the nonstirring mode.
These measurements were performed to substantiate the as-
sumption that titration D,O—H,O solutions with different D/H
ratios involves rearrangements of hydrogen bonds and to extract
estimates about the typical kinetic times. We found very long
kinetic times (up to tens of minutes) for concentration titrations
which require diffusion of the deuterium ions and rearrange-
ments of the hydrogen bonds in the apparatus cell. The control
experiments (to test the reliability of the nonstirring mode) with
dilution titrations, which require rearrangements only in the
small volume of the injected aliquots, yielded fast times as
expected and the same enthalpies as measured in the case of
the stirring mode.

Materials and Methods

Preparation of the D,O—H,0O Solutions. Double distilled
reverse osmosis (RO) water (H,0O) with maximum conductivity
of 0.05 uS/cm was mixed with purified deuterium oxide (D,0)
from Sigma-Aldrich with 99.9% purity to prepare fresh solutions
for each set of experiments. The solutions were characterized
by a D/H molar fraction taking into account the differences
between the molar density of D,O (0.05515 mol/mL) and H,O
(0.05535 mol/mL) at 298 K. At this temperature, the weight
and molar masses of the components are 1.1044 g/mL and
20.027 g/mol for D,O and 0.9970 g/mL and 18.015 g/mol for
H,0. We note that the exposure to air during ITC measurements
and hence D—H conversion with water vapors is limited due
to the apparatus design.
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Figure 1. (a) ITC cells and syringe. (b) Reproducibility of the ITC
signal demonstrated by two measurements where 20% DO is injected
into H,0O. The two measurements (solid curve and open circles) were
performed on different days. The titrations were of 5 uL aliquots at
303 K, while using high feedback and the nonstirring mode.

Isothermal Titration Calorimetry. The titration measure-
ments were performed using the VP-ITC calorimeter of Mi-
croCal Inc. The apparatus design, shown in Figure la, allows
performing direct and accurate measurements of both exothermic
and endothermic heat production.??-¢

The working volume of an ITC cell, described in Figure 1,
is 1.4201 mL. The volumes injected by the ITC syringe can be
adjusted typically between 3 and 100 uL. The total syringe
volume is about 300 4L and with a range of injection rates.
Usually, the titrations are performed using the stirring mode.
To assess the reaction kinetics, it is possible to perform the
titrations using nonstirring mode. There is a tunable power
feedback to obtain optimal sensitivity according to the measured
reaction. The temperature can be selected (and then fixed) from
a wide range between 278 and 356 K. During the measurements,
one of the two cells, the sample and the reference cells, can be
heated by thermo-power elements to maintain equal temperature
between them. For an exothermic reaction (increase in the
temperature of the sample cell), the reference cell is heated.
Hence, in this case the sample cell is kept isolated and the
relevant thermodynamic potential that describes the process is
the enthalpy H. In contrast, for endothermic reaction the sample
cell is heated to maintain constant temperature and hence the
relevant thermodynamic potential that describes the process is
the Gibbs free energy. To demonstrate the high reproducibility
of the heat flow signal for endothermic processes, we show in
Figure 1b two separate measurements with identical settings.

We note that the first injection is ignored as it is subject to
artifacts related to the possible dilution of the solution in the
syringe during the equilibration period. To extract the heat
produced or absorbed during the injections, a baseline is
subtracted and the peak areas are integrated over time. These
analyses were performed using OriginLab built-in macros. The
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experimental error is of the order of 2% and depends on the
specific reaction. The precision for the measured heat for H,O/
D,0O mixing has been found to be also of the same order, as
shown in the results section.

Characterization of the Solutions. The H,O—D,O solutions
can be characterized by the deuterium mole fraction A = np/
(np + ny), where np and ny are the number of moles of
deuterium and hydrogen atoms, respectively. As mentioned in
the Introduction, the solutions are composed of three constitu-
ents: D,O, H,O and HDO. The mole numbers of these
constituents, np,0, n,0, and nupo, satisfy the relations for mass
conservation np = 2np,o + nupo and ny = 2ny,0 + nupo. The
corresponding mole fractions of D,0, H,O, and HDO

npo
X e g T
Np,o T Mupo T My0
g0
R ——
np,o T Mwpo T Mu0
X = "Hpo
HD —

npo + nypo + ny,0

can be expressed as a function of A and the equilibrium constant,
K = 3.82 (at 298—373 K) as determined from flow calorimetry
measurements?® of the reaction

H,0 + D,0 <> 2HDO (1)

According to the balance relations

KXp Xy = Xy’ 2
X
Xp+ = =A 3)
X,
Xyt - =1-4 )

The calculated values of Xp, Xy, and Xyp as a function of A are
shown in Figure 2a.

Reaction Heat Production. As mentioned in the Introduc-
tion, the heat production during the titration AQg.,. includes
two contributions, the reaction enthalpy AHg, and the entropy
contribution of deviations from ideal mixing ASoq.- Here we
calculate heat production, which is proportional to Anyp, the
change in the number of moles of HDO molecules during the
mixing, multiplied by the enthalpy of the reaction per mole
HDO, AHg.

The change in the number of HDO molecules corresponds
to the change in Xyp during a titration, which amounts to solving
the quadratic equation:

(% - 1))(HD2 + 02X, — 441 — A) =0 )

An approximated solution of this equation is presented in the
Appendix.
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Figure 2. (a) Calculated molar fractions of D,O (green), H,O (blue),

and HDO (red) as a function of A. (b) Calculated functional dependence

of AQgesc; 0N (AA;)% For the dilution titration (A;—; > A, AQRreac,

are shown by red squares and for concentration titration (A;—; < Ay

by the black line. Note that the calculated results for the two types of
titrations are equal.

Since we perform several injections and following each
injection the mole fractions of the three constituents change,
the calculations have to be done with care. With Anyp; we
denote the number of moles HDO produced in the measuring
cell after the ith injection:

Anyp; = Xpp 1y —

Xupi—1i—1 ~ Xup i (6)

Here we denote the molar fractions of HDO after the injection
by Xup,, before the injection by Xup,—;, and in the injection
syringe by Xup . These molar fractions are calculated from
the solution of eq 5 when we substitute for A the respective
fractions A;, A;-, and Ay,;. To simplify the proceeding presenta-
tion, we define

AA =4 — Ap (7N

We also note that in the dilution titrations A decreases (A; <
A;—1), while in the concentration titrations the mole fraction A
increases (A; > A;—1).

To calculate n;, n;—;, and ny,;, we note that the total of ny;
moles of H,O, HDO, and DO is conserved, hence

i = Vinlvp,0 Up0m T Va0l = Hp,0m)] ®)
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Figure 3. Experimental verification of the calculated functional dependence AQge,.; on the mole fraction A. In (a) we show the measured heat flow
during injection titrations, by 5 uL H,O aliquots, of 8 H,O—D,O solutions with different D/H ratios (or different percentages of D,O) kept in the
1.4201 mL ITC cell. The corresponding IAA,l are 0.025 (black), 0.050 (red), 0.10 (green), 0.20 (blue), 0.25 (azure), 0.30 (pink), 0.35 (purple), and
0.40 (olive). The settings are 303 K, no stirring, and high feedback. (b) Total measured heat AQr;; of each injection (i) versus (AA;)*. The gray line
shows the computed heat AQge,,- (¢) Comparison between the nonstirring mode (red) and the stirring mode (black) for the 5 uL aliquots (averaged

values over the injections i = 2—5).

where vp,o and vy,o are the molar densities of D,O and H,O,
respectively (vp,o0 = 0.05515 mol/mL and vy,0 = 0.05535 mol/
mL at 298 K) and Vi, is the volume of injected titrating solution.
We note by tp,o,1mj the volume fraction of D,0O needed to prepare
the injected solution and 1 — up,o1nj is the volume fraction of
H,0. The total number of moles in the measuring cell before
the ith injection is

niy = Volvp ottn,00 T vuoll = tpo] + (G — Dny,
©)

Here Vj is the initial volume of the solution in the measuring
cell before any injection (V, = 1.4201 mL), and up,o, is the
volume fraction of D,0O needed to prepare the starting solution
in the measurement cell. Note that in eq 9, the last term takes
into account the contribution of previous injections. After the
ith injection, one has in total n; moles in the measuring cell:

n, = (10)

i =no T My
Finally, using the computed values of n;, n;—;, and ny; to
calculate Anyp; in eq 5, the heat produced in the ith injection
is given by

AQReac,i = AnHD,iAH R (11)

where AHg = 15.5 cal/mol (at 298—373 K)? is the enthalpy
gain for the formation of one mole of HDO.

The solution of eq 11 reveals that AQge; is linearly
proportional to (AA;)%, as shown in Figure 2b for both dilution
and concentration case. In the Appendix we also show that

Anyp, ;= 20, myil (n_y + ny))(AA)? (12)

For this reason we plotted the experimentally measured heat
per injection, as a function of (AA;)%. In this way, the deviations
from the limit of ideal mixing (AQwmix = AQgeac) become more
transparent.

Results and Discussion

Experimental Verification of AQge,c and AHg. The ex-
pected entropy contribution ASoq.r Which is associated with the
entropic effects that deviate from ideal mixing, is expected to
be significantly smaller than the released heat AQge,. and hence
to be neglected for titrations with very low volume droplets.
Therefore, to verify the calculated functional dependence AQgeac
on the mole fraction A (eq 11) and extract the value of AHpg,
we performed titrations with 5 uL aliquots (which is the smallest
volume that yields heat measurements with good accuracy). The
high accuracy is reflected by the close to perfect reproducibility
of the measured heat (Figure 3a), of all the injections (apart
from the first injection which is ignored for the reasons explained
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Figure 4. Experimental assessments of the entropic effects. (a) Measured total heat of titration AQr; as a function of (AA;)? for dilution titrations
in the stirring mode. The blue, green, and red squares correspond to titrations with 5, 10, and 20 uL volume aliquots, respectively. The blue, green
and red solid lines are the corresponding computed values of AQgey. (b) Corresponding values of TASoq.: that represent the deviations between
the measured heat AQr; and the computed values of AQgeqc. (¢) In ITASome! as a function of In IAA,l, for 20 uL. volume injected aliquots. (d)

TASorer as a function of (Angp,)' for all injected volumes.

in the Materials and Methods) and even for the titrations with
very small mole fraction A.

As shown in Figure 3b, we found excellent agreement
between the measured total heat AQr; (integrated over each
injection profile) as a function of (AA;)* and the calculated
functional dependence AQge. (using eq 11). Computation of
the value of the enthalpy of reaction AHg, from the experimental
measurements (using eq 11), yielded 15.8 £ 0.3, 15.8 £ 0.3,
15.8 £ 0.3, and 15.7 £ 0.3 cal/mol for injections 2, 3, 4, and
5, respectively. Note that for each ith injection we averaged
over 8 titrations with different mole fraction H,O—D,O solu-
tions. These results are in a very good agreement with the earlier
data® (AHr = 15.5 cal/mol) obtained by using heat flux
calorimetry.

The results shown in Figure 3a,b are for dilution titrations in
the nonstirring mode. In Figure 3c we show that the same results
are obtained when the titrations are performed using the stirring
mode. In addition, we also performed the same set of experi-
ments for concentration titrations, while using the stirring mode,
and obtained the same results. These findings verify the
theoretically computed functional dependence AQge, on the
mole fraction A.

In the Appendix, we further show that AQge,. mainly depends
on the difference AA; = |A;— — Ayl irrespective of the specific
values of A;—; and Ay, (as long as Ay, is smaller than 0.8). In
other words, we can use H,O—D,O solutions for the titrations,
instead of using H,O as was done above and will obtain
approximately the same results, provided the D/H ratios of the
titrated and titrating solutions correspond to the same AA,.

Experimental Assessments of the Entropic Effects. Once
the functional dependence of the heat production AQges i
confirmed, we can proceed to assess the entropy contributions
ASower by titrations with lager volume aliquots. Along the
explanations presented in the Introduction, deviations of the
measured total heat of the titration AQry, from the computed
values of AQge,. correspond to the entropy contributions
resulting from deviations from ideal mixing. In simple words,
at a certain temperature 7

TASOrder = AQTit - AQReac (13)

In Figure 4a we show the measured heat values of AQr; as
a function of (AA;)* for three dilution titrations with volumes,
5, 10, and 20 uL, while using the stirring mode. In Figure 4b
we show the corresponding values of TASo.; computed from
the measurements according to eq 13.

Closer inspection (Figure 4c,d) of the measured entropy
contribution TASoqe, revealed that it approximately scales as
(Angp,)'® (and approximately as (AA;)*). For a given value of
the mole fraction change AA;, TASo.r scales approximately as
the square of the injected volume (TASower ~ V[nf). These
observations of strong nonlinear dependence on the molar
fraction and the volume support the idea that ASoqr might be
the outcome of entropic effects that are associated with changes
in the arrangements of the hydrogen bonds (see the Conclu-
sions).

Comparison between Different Measurement Modes. In
Figure 3¢ we showed that the same values of AQr; (and hence
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Figure 6. Heat flow during concentration titrations while using the nonstirring mode. (a) Comparison between the heat flow during concentration
titrations while using the stirring mode (red) and the nonstirring mode (black) for AA; = 0.2 and 25 uL volume titration injections. (b) Comparison
between the heat flow during concentration titrations (black) and dilution titrations (red) while using the nonstirring mode for AA; = 0.2 and 50 uL.
volume titration injections. (c) Measured heat AQr; of injections 2, 3, 4, and 5 for different values of (AA;)%, regarding concentration titrations.
The solid black line is the corresponding calculated AQgeyc.i-

of AQgeyc) are obtained while using the stirring and nonstirring
mode in the case of low volume dilution titrations. In Figure
5a we show that similar deviations between AQr; and AQgeac
(and hence of TASowe) are obtained while using the stirring
and nonstirring mode in the case of dilution titrations. In
addition, we also performed the same set of experiments for
concentration titrations, while using the stirring mode, and
obtained the same results as for the dilution titrations. In Figure

5b we show a comparison between the heat flows for the two
types of titrations when high volume aliquots (50 uL) were used.

Experimental Assessments of the Reaction Kinetics of
Concentration Titrations. In the case of concentration titra-
tions, the nonstirring mode yields very different results from
those obtained while using the stirring mode, as illustrated in
Figure 6a. In Figure 6b we illustrate the difference between
concentration titrations and dilution titrations when the non-
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Figure 7. Estimation of the reaction kinetic times for concentration
titrations. The experiment shows injections of a 20% D,0O—H,0 solution
into H,O. The first four 5 4L injections with 5 min delay time (between
injections) are performed to check reproducibility (in the figures, we
show the heat exchange profile of the last two of these 4 injections).
Then 50 uL volume titration injections are performed (third and the
following injections in the figures) with delay times between these
injections of 5 min (top), 12 min (middle), and 38 min (bottom).

stirring mode is used. These results exemplify a significant
reduction in the measured total heat AQr; between successive
volume concentration titrations while using the nonstirring mode.
In Figure 6¢ we present quantified measures of the reductions
in AQry for titrations with 5 L. volume injections. We note
that even for such low volume titrations, the reduction in AQr;
is quite significant.

As mentioned earlier, in the case of concentration titrations,
the reaction has to propagate throughout the apparatus cell
whose volume is approximately 1.4 mL. Hence, the observed
reduction in AQr;; between successive titrations might be
indicative of long time reaction kinetic. To verify if this is
the case and to estimate the characteristic times, we
performed the ITC measurements for a range of delay times
between the successive injections, as shown in Figure 7. We
then define the characteristic time to be the minimum delay
time between successive injections above which the heat
exchange profile retains the same shape and magnitude as
for the preceding injection. For the concentration titrations
of 50 uL injection volume, shown in Figure 7, we estimated
the kinetic time to be about 40 min.

We also performed similar experiments for dilution titra-
tions and found, for large volume titrations (50 uL), that the
kinetic times are of the order of 5 min. While these relaxation
times are also quite long, the relaxation times for the
concentration titrations are almost an order of magnitude
longer (38 min).

The fact that the long kinetic times are observed for the
nonstirring modes and are not observed for the stirring mode
(which is the commonly used mode as it accelerates mixing)
hints that they might be associated both with diffusion of the
deuterium isotopes and with rearrangements of hydrogen bonds
consequent to changes in the D/H ratios.

Conclusions

We presented accurate ITC measurements of the enthalpy of
titration of D,O—H,O solutions with different D/H ratios for
dilution and concentration titrations. The measurements were
compared with theoretical calculations of the heat production
AQgea: for 5 uLL volume titrations. We found excellent agreement
between the calculated and measured functional dependence of
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AQReqe and AQry, on the D/H ratios of the solutions. Computa-
tion of the value of the enthalpy of reaction AHg, from the
experimental measurements, yielded a value of 15.8 £ 0.3 cal/
mol for 1 mol of HDO formation. This result is in very good
agreement with previous estimate of 15.5 cal/mol which was
obtained using flow calorimetry.?

Next, we used larger volume titrations to asses the entropy
contribution TASo,q.r (that is equal to the measured titration heat
AQ7 minus the calculated one AQge). Since ASouer 1S a
measure of deviations of entropy changes from the entropy
change for ideal mixing, it is a measure of the changes in the
bulk entropy of the H,O—D,O solution consequent to the
titration induced changes in the D/H ratios. As such, ASoder
provides an assessment of entropic effects associated with
hydrogen bond rearrangements due to the changes in the D/H
ratios. As noted earlier, this idea is further supported by our
findings that ASe..; approximately scales as (Angp,;)'°. Such
nonlinear dependence of the bulk entropy on the mole fraction
difference might be indicative that the network of hydrogen
bonds has a fractal organization.

The measurements revealed significant negative (exother-
mic) values of TASoer. Such exothermic deviations from
ideal mixing are indicative of excess entropy production
during the titration. Several putative mechanisms can lead
to such excess entropy increase. Recently there has been
much focus on high density water (HDW) vs low density
water (LDW) that correspond to the two possible orientations
of two water molecules according to the hydrogen bonds?37-3
and are assumed not to be distributed uniformly. Thus, they
can generate long-range correlations or ordering in the water
(lower bulk entropy). In the presence of the three components,
H,0, D,0, and DHO, there are additional possible orienta-
tions: 10 orientations for H,O—H»O, D,O—H,0, D,O—D,0,
H,O—HDO, and D,O—HDO and 3 orientations for HDO—HDO.
The formation of additional possible orientations should
reduce the long-range ordering and hence be associated with
higher bulk entropy. Therefore, one might expect an increase
in entropy with an increase in the D/H ratio in the case of
concentration titrations. Another putative source of entropy
increase might be connected with ortho and para water that
were suggested not to be distributed uniformly but to form
clusters!!'"13 and hence induce long-range ordering in the water
(lower bulk entropy). Adding deuterium should destroy the
long-range ordering associated with ortho and para water and
thus result in excess entropy increase. We note that the two
effects can act together, although so far the effect of ortho
and para water on the HDW and LDW has not been studied.

The observed long kinetic times are consistent with the
aforementioned picture for the following reasons: Water mol-
ecules are connected by a network of hydrogen bonds. This
network is very dynamic and the hydrogen bonds continuously
rearrange.**° When there is no mechanical mixing (we per-
formed the kinetic experiment using the nonstirring mode), the
propagation (diffusion or hopping) of the deuterium is likely to
be the main mechanism by which D,O and H,O molecules mix.
This is in accordance with other findings that showed D,O
molecules hold together as clusters and do not mix readily with
H,0O molecules.*!

To estimate the hopping rate of the deuterium, we note that
the hopping distance is about 2—3 A (a typical distance between
hydrogen atoms) and the hopping time is about 10 ps (the
lifetime of the hydrogen bond). Since the size of the sample
cell is about 1 cm, we find that the propagation time is of the
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Figure Al. Heat flows for the dilution and concentration titrations, when AA; = 1A, — Ayl = 0.2; Vi,; = 5 uL, 303 K, nonstirring, high
feedback. (a) Dilution titrations for A;—; = 0.2 (black), 0.4 (blue), 0.6 (red), 0.8 (green), and 1.0 (pink) and Ay,; = 0.0, 0.2, 0.4, 0.6, and 0.8
respectively. (b) Concentration titrations for Ay,; = 0.2 (black), 0.4 (blue), 0.6 (red), 0.8 (green), and 1.0 (pink) and A;—; = 0.0, 0.2, 0.4, 0.6,

and 0.8, respectively.

order of 1000—2000 s, which is consistent with the experimen-
tally estimated measured 40 min kinetic time.

To conclude, we observed significant entropy contributions
that might be associated with nontrivial entropic effects that
are related to the D/H ratios of the D,O—H,0O solutions. Since
the entropic effects are likely to be associated with the D/H
dependence of the hydrogen bond rearrangements, and since
we observed long reaction propagation times, our experi-
mental findings might be associated with the existence of
long-range water ordering. We emphasize that the results
presented here are consistent with this intriguing putative
explanation. However, additional complementary experi-
ments, such as near-infrared spectroscopy*? and electro-
phoretic mobility ({-potential) of D,O—H,O solutions with
different D/H ratios, are required for sound validation of this
notion. 4
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Appendix: Analytical Approximation of Equation 4

Taylor expansion of eq 4 yields

Xyp = 2A(1 — A) — 2(% - 1)A2(1 — A +

2 -

23 3 .
< 1)A(1—A)+... (A)

By neglecting the second and third terms, whose magnitude is
less than 1% of the first term, and using the definition of Anyp;
(eq 9), we obtained

- AInj)2

niy

A _ 2n; (A
Myp; —

(Aii)

This result indicates that AQgre,. (and also the titration heat
AQr) mainly depends on the difference IA;—;— Al irrespective
of the specific values of A;—; and Ay, as long as Ay, is not too
large. In Figure Al we show comparison between the heat flows
of different values of A, and Ay,;, while keeping the same value
of IA;—; — Ayl = 0.2. The results reveal that indeed for Ap,;

smaller than 0.8, the measured heats AQr; are similar irrespec-
tive of the specific values of A;—; and Ay,;.
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