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A Maxwell Relation for Dynamical Timescales with
Application to the Pressure and Temperature Depen-
dence of Water Self-Diffusion and Shear Viscosity'

Zeke A. Piskulich,** Ashley K. Borkowski,“ and Ward H. Thompson“*

A Maxwell relation for a reaction rate constant (or other dynamical timescale) obtained under
constant pressure, p, and temperature, T, is introduced and discussed. Examination of this rela-
tionship in the context of fluctuation theory provides insight into the p and T dependence of the
timescale and the underlying molecular origins. This Maxwell relation motivates a suggestion for
the general form of the timescale as a function of pressure and temperature. This is illustrated by
accurately fitting simulation results and existing experimental data on the self-diffusion coefficient
and shear viscosity of liquid water. A key advantage of this approach is that each fitting parameter

is physically meaningful.

1 Introduction

Practically every undergraduate physical chemistry student learns
about the Maxwell relations that provide important connections
between thermodynamic variables.! These relationships arise
naturally from the fact that thermodynamic functions such as en-
thalpy and free energy are state functions. Further, they are used
to provide a deeper understanding of the properties of chemical
systems, e.g., how entropy changes with volume at constant tem-
perature. !

In examining chemical dynamics, one often faces the same is-
sue that motivates the Maxwell relations: How does a property
change with the independent thermodynamic variables like pres-
sure (p) and temperature (7)? The difference is that the fun-
damental quantities of interest are dynamical, e.g., reaction rate
constants, timescales, or transport coefficients. Indeed, the tem-
perature dependence of a reaction rate constant, expressed as the
activation energy, is a central feature of reaction rate theory. 2%
Similarly, while significantly less attention has been paid to it,
the activation volume characterizes the change of a rate constant
with pressure. 36

In the Arrhenius perspective, the activation energy is as-
sumed to be constant and provides insight into the magnitude
of the (fixed) underlying energetic barrier of the process.*
However, for some processes non-Arrhenius behavior is quanti-
tatively and qualitatively important. The dynamics of liquid wa-
ter is one such case, where temperature-dependent activation en-
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ergies have been observed for diffusion,”11:11-16 reorientation
dynamics, 12:1416.17 and viscosity; 1418-21 these processes have
a common underlying barrier associated with the exchange of
hydrogen-bond (H-bond) acceptors,?? which itself exhibits non-
Arrhenius behavior that are largely attributed to changes in the
H-bond network. Other cases are enzymatic reactions23 and re-
actions in which quantum mechanical tunneling represents a sig-
nificant contribution (typically at lower temperatures). 24

The effect of pressure on dynamical processes is typically much
more modest than that of temperature and can often only be re-
solved by varying p by tens or hundreds of MPa.2>2° In many
cases, this behavior is Arrhenius-like, i.e., the activation volume
is constant with pressure. Then, the activation volume can be
obtained from an Arrhenius analysis based on measurement or
simulation of the rate constant, or other dynamical timescale, at
a few (widely different) pressures. In other systems, however,
the activation volume can change significantly, even in the sign,
as the pressure is varied. Because the activation volume repre-
sents the relative space taken up by the transition state configu-
ration compared to that of the reactants, this suggests a change
in the mechanistic details. Note that the “volume" difference here
applies to the entire system, including any arrangements of the
solvent, whether it is innocent in the reaction or not. 3°

In cases where the activation energy is not constant with ther-
modynamic conditions, a full understanding of the dynamics re-
quires a description of how the energy required to carry out the
process of interest changes with the temperature and pressure.
The same is certainly true of the activation volume. In this Pa-
per we explore this issue theoretically, in the context of an ef-
fective Maxwell relation for dynamical timescales. Based on this
relation, we propose a method for global fitting of a dynamical
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timescale based on these ideas that is parameterized only by phys-
ically meaningful quantities and demonstrate it by analysis of the
extensive existing experimental data for the water diffusion co-
efficient and shear viscosity as well as simulation results for the
former.

2 Theory

2.1 Maxwell Relation for a Dynamical Variable

In the isothermal-isobaric (NpT) ensemble, we can consider a
generic rate constant, transport coefficient, or (inverse) timescale
— which we will denote as k — as a function of the independent
thermodynamic variables, for fixed N, such that its total differen-

tial is given by
dk dk
dk = <—) dT + (—) dp. 1)
oT PN ap TN

It will be convenient to consider Ink rather than the rate constant
itself and to use = 1/kgT instead of T as an independent vari-
able (where kg is Boltzmann’s constant). Then, we have

d(Ink) = (aalzk) dp+ (a;‘;k) ; dp, )
P

as the total differential of interest.

The partial derivatives appearing in eqn (2) can be identified
as physically meaningful, measurable quantities in reaction rate
theory (and in the theory of transport coefficients). Namely, the
activation energy, E,, is given by the first derivative with respect

to fB:
d lnk)
= _Em (3)
(55),
i.e., a measure of the temperature dependence of k. Similarly,
(%) =-pavt @

gives the activation volume, AV#, reflecting how  is influenced
by pressure. Thus, the total differential of k, can be written as

d(Ink) = —E,dB — BAV*dp, (5)

which suggests that we can think of § and p as natural variables
of the rate constant (or transport coefficient).

We can then proceed in complete analogy to the derivation of a
thermodynamic Maxwell relation, by noting that the rate constant
k is a state function and thus,

9% Ink 9% Ink
n _ n . ©)
dpdf dpdp
Evaluating these cross-derivatives yields the Maxwell relation
JE, ) + (aAV3F )
=AVIHB | =5 | - 7
< v ) PR ),

This equation demonstrates the relationship between the pres-
sure dependence of the activation energy to the temperature de-
pendence of the activation volume. Because the meaning of & is
general, this equation should hold for rate constants, transport

2| Journal Name, [year], [vol.],1-14

coefficients, and other dynamical timescales. Such Maxwell re-
lationships for dynamical activation barriers have not been much
explored, but, as we discuss here, they can prove useful and im-
portant. We note that previously Kelm and Palmer argued that
an analogous Maxwell relation should exist for the activation en-
thalpy and volume defined with transition state theory,3! and
Brauer and Kelm verified, through measurements on the Men-
shutkin reaction, the validity of the relation.32 In the following,
we examine the underpinnings of this Maxwell relation.

2.2 Fluctuation Theory and the Maxwell Relation

It is instructive to examine how the Maxwell relation in eqn (7)
arises naturally within fluctuation theory. We can consider an
ensemble of NpT trajectories, each with a different (fixed) energy
and volume, such that the rate constant is given by

1

k= (k)= SN, T)

Tr [e*ﬁ(UiJrPVi)ki] , (8)
where U; and V; are the fixed internal energy and volume of
the /" trajectory and Tr indicates a sum over all the trajecto-
ries, Q(N,p,T) = Trle PUitPY)] is the isothermal-isobaric parti-
tion function, and thus (-}, indicates an ensemble average. Note
that k; is itself an average over the i/ constant energy and volume
trajectory, typically a time correlation function, e.g., for a reaction
rate constant lim,_,jong (Fs(0) O[s(¢)]); where Fy is the flux across
the transition state dividing surface defined by s =0 and 6 is the
Heaviside step function. Recall, however, that k can also be a
transport coefficient or other dynamical quantity, which are also
expressible as averaged time correlation functions.

We have earlier shown33-35 that the derivatives of eqn (8) with

respect to the independent thermodynamic variables can be ex-
pressed in terms of fluctuations. Namely, it is straightforward to

show that
ok

9B
where 6U; = U; — (U;) and 8V; = V; — (V;) are the fluctuations in
energy and volume respectively of the i"" trajectory from the av-
erage of all the (constant volume and energy) trajectories that are
prepared in the NpT ensemble. Similarly, the pressure derivative
is given by

= —([6U; + p&Vi] k;), )

ok

dp
Both of these quantities can be directly calculated from an ensem-

ble of isothermal-isobaric trajectories at a single temperature and
pressure; 123435 see Sec. 3.

= —B(8Viky). (10)

The activation energy can be obtained by combining eqns (9)
and (3) to yield
([0U; + pdVil ki)

(ki)

This fluctuation theory result has a straightfoward and useful
physical interpretation. The activation energy is the correlation
of the enthalpy of the system, H; = U; + pV; with the rate constant.
Thus, if, when the enthalpy is larger (smaller) than average the
process is faster (slower), E, is positive. The greater the effect of
an enthalpy fluctuation on the rate constant, the larger the mag-

E, = (1D

This journal is © The Royal Society of Chemistry [year]
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nitude of the activation energy. This activation energy includes,
as one component, the activation volume. This can be seen by
using eqns (10) and (4), to find

(12)

This is the first term on the right-hand-side (rhs) of the Maxwell
relation, eqn (7). It also has an analogous interpretation to the
activation energy in that it measures the effect of the volume on
the rate constant.

The remaining terms in the Maxwell relation are more chal-
lenging to interpret as they involve higher, cross derivatives.
However, the second term on the rhs of eqn (7) can be obtained
by taking the derivative of eqn (12) with respect to . This gives

IAVE 1 9(8Vik;)
ap (k) 9B

The derivative in the first term is more explicitly written as

+AVYE,. (13)

I(®Viki) 0 1 BV 5y 1
3B 9P Q(N,p,T)Tr e oViki|, (14

which involves three terms due to the temperature dependence
of Q(N,p,T), the Boltzmann factor, and the average volume ap-
pearing in 8V;. Evaluating the derivative yields

UL = (W) (8Vik) — (U1 pU] Vi)
Vi)
- p) <kl>
= _<[6Ui+178Vi]3Viki>_a§g><ki>~ (15)
Thus, we find
oAvVE ([8U; + p8Vi) 8Viki)
- P W
(Vi) s
- B B + BAV*E,, (16)

is the second term on the rhs of the Maxwell relation.
The left-hand-side (lhs) of eqn (7) can be derived in a com-
pletely analogous fashion. From eqns (11) and (10), we have

JE, 1 9([6U;+ péVilk;)

- E,BAV*. 17
(k) gy EaP an

The first term has three pressure-dependent quantities and pro-
ceeding as before, it is straightfoward to show that

JE, ([6U; + pdVi] 8V k;) +
- AV
ap Pm
i 90Uy 9V
+ ﬁAV E, ap p ap , (18)

represents the lhs of the Maxwell relation in eqn (7).
Comparing the fluctuation theory results for the lhs and rhs of
the Maxwell relation using eqns (18) and (16), it is clear that it

This journal is © The Royal Society of Chemistry [year]
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holds if
IUi) Vi) 9V

3, Py Pap
This equation does not involve any dynamical property and is
a purely thermodynamic relationship that involves the averages
present in the fluctuations. It is not hard to show that it is
equivalent to the connection, derived using a thermodynamic
Maxwell relation, between the pressure derivative of the enthalpy,
H = (U;+ pV;), and the temperature derivative of the volume

(%)T: (f;)T+V=B(;”ﬁ/)p+V, (20)

where S is the entropy.

(19

Thus, we have evaluated the Maxwell relation for a dynamical
quantity, eqn (7), within the context of fluctuation theory. A key
result is that the central quantity is the second-order correlation
of the fluctuations,

([6Ui + pdVi] 8Viki)

(ki) 7
that describes both the pressure dependence of the activation en-
ergy and the temperature dependence of the activation volume.
This illustrates the microscopic origin of the Maxwell relation as
the cross-correlation of the enthalpy and volume fluctuations with
the dynamics. While not the focus of the present work, we have
previously shown how similar quantities can be calculated from
MD simulations, e.g., E,, AV¥, and 9E,/dB,%3¢ and the same
should be true of eqn (21).

B (2D

In Sec. 4 we consider this Maxwell relation in the context of lig-
uid water self-diffusion and viscosity. It is known that water diffu-
sion exhibits an interesting temperature dependence of AV# (and
consequently pressure dependence of E,) 7-13:34:37-39 The gener-
ality of the equations shown above for a nominal rate constant
k are straightforwardly applied to the case of the water diffusion
coefficient and viscosity.

3 Computational Methods

We have calculated the water self-diffusion coefficient at a range
of temperatures and pressures using molecular dynamics simu-
lations of 343 TIP4P/20054° water molecules. The simulations
were carried out with the LAMMPS code.4! For each p and T a
10 ns NpT trajectory was propagated using a three-chain Nosé-
Hoover thermostat and barostat. 4243 A simulation timestep of
1 fs was used, and the thermostat and barostat damping parame-
ters were 100 fs and 1 ps, respectively. The molecules were held
rigid using the SHAKE algorithm with a 1.0 x 10~ tolerance pa-
rameter. The Particle-Particle-Particle-Mesh (PPPM) method 44%5
was used to calculate long-range electrostatic interactions (toler-
ance parameter of 1.0 x 10~%). Tail corrections were included to
achieve the correct density. From each simulation, 10,000 config-
urations, each separated by 1 ps, were used as starting points for
20 ps NVE trajectories. From each NVE trajectory, the mean-
squared-displacement, MSD(t) = (|7(t) — #(0)|?), was calculated
for t = 0 to 20 ps with multiple time origins separated by 1 ps,
the last 10 ps of which was fit to a line to compute D; = slope; /6.

Journal Name, [year], [vol.], 1-14 |3
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All uncertainties were calculated over 10 blocks (each of 1,000
trajectories) and represent a 95% confidence interval based on
the Student’s ¢-distribution. 4

4 Results and Discussion

The Maxwell relation given in eqn (7) and its origins suggest
a way to describe the pressure and temperature dependence of
a dynamical quantity in a physically motivated way. Here, we
explore this approach for the particular case of the water self-
diffusion coefficient, D, and shear viscosity, n, but it is completely
general and could be equally well applied to reaction rate con-
stants or dynamical timescales, as long as they are measures of
activated processes.

4.1 Water Self-Diffusion

The water diffusion coefficient (like other dynamical properties of
liquid water) is well-known to be significantly non-Arrhenius. 13
We can describe this behavior by a second-order Taylor series ex-
pansion in p and 8 about a set of reference values,

WD(pp) = WD)+ T3 (B o)
+ 8;;D0(p—po)+;a;gzl)o(ﬁ—ﬁo)2
+ ;&zgﬂo(ppo)z
; ilgl?o(p—po)(ﬁ—ﬁo), (22)

where the subscript “0" on the derivatives indicates evaluation
at the reference point, py and ;. However, we can identify the
derivatives of In D as the activation energy and volume so that this
can be written as,

D(p,B) 1 JE,

In—2P0 = _E, 0AB — BoAVEAp — - AB?
" D(po. o) 0AB = PorVydr =3 g | AP
Bo 9AV* »  9E,
2 o |2 ap OAPAB, (23)

with A = — By and Ap = p— pyg. Here, we have noted that,
in this explicitly non-Arrhenius description, the activation energy
and volume are functions of p and  so that E, o and AV&t indicate
their values at py and fy. This approach follows and extends prior
work involving low-order expansions of the activation energy in
temperature *”-*8 and the activation volume in pressure.3! There
is some evidence, however, that at very high pressures a second-
order expansion may not suffice. 4’

Note that the Maxwell relation, eqn (7) can be used to express

4| Journal Name, [year], [vol.],1-14
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Fig. 1 Comparison of measured D(p,T) (circles) from Woolf (Ref. 7)
compared to its fit (dashed lines) to eqn (24).

the last term in eqn (23), which, after some rearrangement, gives

D(p,B) i
In—=""L = _E, AB—BAViA
" Do, ) oAP = pavyAp
1 JE, 2 Po 9AV* )
298 1,2 2 o |, AP
OAVH
Bo B ‘OAPAﬂ 24)

Either of these two equivalent formulas, eqns (23) and (24), can
be used to fit experimental measurements of the diffusion coeffi-
cient as a function of temperature and pressure. A key advantage
of these expressions is that the fitting parameters represent physi-
cally meaningful properties: The activation energy, activation vol-
ume, and their first derivatives with respect to § and pressure,
which represent the clearest measures of non-Arrhenius behavior.

While we will show that this is an excellent description of the
diffusion coefficient over a wide pressure and temperature range,
it would not be expected to describe the behavior of deeply su-
percooled water, i.e., as the Widom line is approached.>%>! Al-
ternative formulations of D(p,f) that explicitly incorporate the
two liquids behavior®2 and the dynamical Maxwell relation are,
however, possible.

We can illustrate and test the global description of the pressure
and temperature dependence of the water diffusion coefficient by
using eqn (24), or its equivalent eqn (23), to fit existing mea-
surement data in the literature.”11 We consider results from five
separate studies that have examined D(p,T) for H,O using NMR
and diaphragm cell measurements over different ranges of pres-
sure and temperature.

We first consider the measurements by Woolf of THO diffusion
in H,O using the diaphragm cell method;” note that these results

This journal is © The Royal Society of Chemistry [year]
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Table 1 Summary of nonlinear least-squared fits of eqn (24) to experimental measurements of the water self-diffusion coefficient as a function of p
and 7,7 the present simulations, and direct fluctuation theory simulation results for TIP4P/2005 water.3® Except for the direct calculations, each
quantity in the table, including D, is determined from the fit with JE,,/dp obtained from eqn (7). Values are for Ty = 298.15 K and p = 0.1 MPa for which

D =2.299 x 107> cm?/s is the accepted experimental value. 1353

Woolf7¢  Krynicki Harris  Prielmeier = TIP4P/2005  TIP4P/2005
Quantity etal.®  etal %10 et al. 11° Fit® Direct? Units
D 2.24 2.23 2.29 2.20 2.02 2.37+40.01 1075 cm?/s
E, 17.96 18.43 17.49 17.13 17.00  17.15+0.21 kJ/mol
AV# -1.32 -0.14 -1.09 -2.25 -1.21 —1.194+0.13 cm?/mol
5 90.65 36.16 63.39 111.93 48.26 (kJ/mol)?
93—}{‘ 1.18 0.83 1.01 1.82 0.69 1072 cm?/(mol MPa)
ok -9.43 -5.53 -5.02 -9.19 -9.75 em?/mol
B ag—gi -8.12 -5.39 -3.93 -6.94 -8.54 cm?/mol
RMSE 0.018 0.25 0.030 0.018 0.017 1073 cm?/s
22 1.07 0.60¢ 1.14f 0.888 1.86"
Avg. Fit Error 0.69 2.30 0.89 2.10 0.61 %
Max. Fit Error 2.37 7.42 3.44 6.75 3.41 %
4Results are for THO in H,O.
bOnly results for T > 252 K were considered. sa5s

“These simulation results do not include corrections for finite-size effects,

at 298.15 K and 0.1 MPa. 36

which would give a larger value of D = 2.36 x 107> cm?/s

4Djrect calculations at 298.15 K and 0.1 MPa using fluctuation theory. 3¢

¢Assumes 5% error for all data points. 8

fAssumes 1% error for all data points.>®

8Assumes 3% error for all data points. 11

hErrors used in calculation of y2 are 95% confidence intervals.

may exhibit some isotope effect compared to neat water. Temper-
atures from 277 to 318 K and pressures from 0.1 to ~ 240 MPa
were considered and the results are shown in Fig. 1 and com-
pared to the fit to eqn (24). The resulting fitting parameters are
given in Table 1 and will be discussed below; note that six of
the parameters are unique while dE,/dp and B(0AV#/dB) are
related through eqn (7). Woolf fit the diffusion data to an eight-
parameter expression that has the characteristics of a polynomial
in 1/T and obtained a root-mean-squared error (RMSE) from the
data of 0.014 x 1073 cm?/s. The present fitting approach gives a
comparable RMSE of 0.018 x 10> cm?/s with two fewer parame-
ters. Overall, Fig. 1 shows that eqn (24) does an excellent job of
describing the experimental data with an even representation of
the data at all p and T.

One of the largest data sets for water diffusion was provided by
Krynicki et al. based on proton spin echo NMR measurements. 8
These data extend from 0.1 to 170 MPa and 275 to 498 K and are
plotted in Fig. 2 where they are compared to their fit to eqn (24).
In this case, the fit is not as good as that in Fig. 1, with the most
marked deviations occurring in the 298.2 and 472.2 K isotherms.
In particular, the fit underestimates D at room temperature for
all pressures and also at 323.2 K for pressures above ~ 40 MPa.
At 472.2 K the fit underestimates the rate of decrease of D with
increasing pressure. There is reason to believe that the data of

This journal is © The Royal Society of Chemistry [year]

Krynicki et al. suffers from issues associated with the method of
calibration used (see, e.g., Ref. 10) that may make it less reliable
than the other experimental studies considered here. We note
that, in particular, the activation volume and its pressure deriva-
tive are lower than that obtained from the other data sets. Set-
ting these deficiencies aside, however, the fit agreement is good
for most of the temperatures and pressures explored; the average
absolute error is 2.3%, on the same order of the error estimates
of the measurements of 1.5-4%. Krynicki et al. fit their data with
an empirical, six-parameter formula that appears to have compa-
rable accuracy to the present fit.

Harris and Woolf reported measurements of D for 277-333 K
and for pressures up to 300 MPa.? Using the same instrument,
Harris and Newitt measured the diffusion coefficient at T be-
low room temperature extending to pressures around 350 MPa. 10
Given their common origin, we have combined these data into a
single set for fitting. It is worth noting that they observed some
significant differences with the measurements of Krynicki et al.,8
the primary one being that the latter observed the maximum in D
with increasing p at lower pressures than Harris and Woolf (see
Fig. 2 of Ref. 9). The data from Refs. 9 and 10 are presented in
Fig. 3 and compared to the result of fitting to eqn (24). The fit
is in excellent agreement with the measured D across the range
of pressures and temperatures, even down to the lowest temper-

Journal Name, [year], [vol.], 1-14 |5
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Fig. 2 Comparison of measured D(p,T) (circles) from Krynicki, Green,
and Sawyer (Ref. 8) compared to its fit (dashed lines) to egn (24) at high
(top panel) and low (bottom panel) temperatures.
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Fig. 3 Comparison of measured D(p,T) (circles) from the Harris and
Woolf (Ref. 9) and Harris and Newitt (Ref. 10) compared to the fit of the
combined data sets (dashed lines) to eqgn (24) at high (top panel) and low
(bottom panel) temperatures. (Note the single point at 252 K is grouped
with the data at 253 K to show its fit.)
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Fig. 4 Comparison of measured D(p,T) (circles) from Prielmeier et al.
(Ref. 11) compared to its proposed fit (dashed lines) to eqn (24).

ature of 252 K, with an average absolute error of < 1% and a
maximum error of < 3.5%. Harris and Woolf fit their data with
the same eight-parameter empirical function used in Ref. 7 and
obtained a RMSE of 0.016 x 10~ cm?/s, essentially of the same
quality as we find if we fit that data alone.

Next, we turn to the fitting of the results of Prielmeier et a
who measured the diffusion coefficient for deeply supercooled
water down to 203.5 K. We find that the fit quality is very good
for the data where T > 252 K (see Table 1), but begins to degrade
when data below 252 K are included. For the higher tempera-
tures, we obtain a similar or smaller RMSE to the other three
data sets with an average fit error of 2.10%.

It is important to note that the expansion in eqn (23) or (24)
is based on an assumption of a relatively smooth variation of D
with pressure and temperature. It is thus not expected that it
would accurately describe the dramatic slowdown in the diffusion
coefficient upon lowering the temperature toward the Widom
line that lies at or below ~ 230 K.%%52 It is therefore all the
more encouraging that the approach works satisfactorily down
to such low T for the data sets from Refs. 9 - 11. The behav-
ior of water in the deeply supercooled regime that lies at even
lower T has been a subject of intense interest with considerable
evidence supporting a smooth, “two liquids," transition from a
high-density liquid (HDL) to a low-density liquid (LDL) at the
Widom line (the extension of the liquid-liquid coexistence curve
beyond its terminal critical point>7-8),17:50-52,59 we anticipate
that the fitting approach described here, which does not account
for this effect, will not be adequate at significantly lower tem-
peratures, and this indeed appears to be the case when consid-
ering the data of Prielmeier et al..!l However, the two-liquids
perspective points to a natural extension,1217-°1,59 where one
writes D(p,T) = s(p,T) nDrpr(p,T) + [1 — s(p,T)] mnDypr(p,T)

l.’ll
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with Dyp; and Dgyp; described analogously to eqn (24); here,
s(T) is a switching function that goes smoothly from zero at low
T to one at high 7. This is an interesting avenue for future inves-
tigations.

We now turn to an examination of the results of the fitting,
namely, the optimized parameters obtained for each data set that
are provided in Table 1. All the fits naturally give values of
D(0.1 MPa, 298.15 K) that are the same or close to the actual
measured value. More interesting is the activation energy, for
which values between 17.13-18.43 kJ/mol are obtained. These
are close to the values of E, = 18.28 and 18.11 kJ/mol found di-
rectly by Arrhenius analyses in Refs. 7 and 8, respectively. The
results are also in good agreement with recent simulations using
the TIP4P/2005 model3° that are also provided in Table 1. There
is considerably greater spread in the values obtained for the acti-
vation volume. All of the fits give AV¥ < 0, as do simulations, 36
but with magnitudes that vary from -0.14 to -2.25 cm3/mol.

The other fitting parameters represent higher derivatives of the
diffusion coefficient with respect to § and p. The non-Arrhenius
behavior is most directly expressed in dE,/df, which has values
of 36.16 to 111.93 (kJ/mol)? at 298.15 K and 0.1 MPa based on
the fitting. We note that this quantity can be written as

JdE, , 19°D

9B E; — Dap (25)
which indicates that it is determined by the cancellation of two
opposing terms that are both significant in magnitude. However,
the fits to experimental data clearly indicate that JE,/dp is posi-
tive and the average of all the results is 75.53 (kJ/ mol)2.

The situation is a bit clearer for the pressure dependence of
the activation volume. This dependence is weak and found to be
(0.83 — 1.82) x10~2 cm3/(mol MPa). Note that this derivative
and the value of AV¥(po, ) indicate that the activation volume
changes in sign as the pressure is increased, but this requires an
increase of the pressure by ~ 100 MPa.

Finally, the key elements of the Maxwell relation, eqn (7), are
also obtained from the fitting. Namely, dE,/dp is negative with
values of —5.02 to —9.43 cm?®/mol. This is related to B(dAV#/dB)
by AV#, the former of which is thus also negative with values of
~3.93 to —8.12 cm?/mol.

Taken as a whole, differences between the experimental data
sets prevent a precise determination of the pressure and temper-
ature dependencies of D(p,T). However, the results do present a
consistent semi-quantitative physical picture. The diffusion coef-
ficient and activation energy are quite well determined and in
agreement across the different measurements. Greater uncer-
tainty exists in the activation volume and the higher derivatives,
but all the data sets agree on the sign of each property. Moreover,
the fitting approach illustrates how these fundamental properties
of the diffusion coefficient can be determined given sufficiently
extensive and accurate measurements.

Lastly, we consider the results of the MD simulations described
in Sec. 3. The calculated D(p,T) are shown in Fig. 5 along with
the present fit using eqn (24). We note that the fitting is carried
out to values of D that do not include a correction for the finite
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Fig. 5 Comparison of the present simulated D(p,T) values for
TIP4P/2005 water compared to its proposed fit to egn (24). Uncertainties
for the simulated diffusion coefficients are smaller than the symbol size.

size of the simulation box based on the viscosity. °*>> This correc-
tion would certainly modify D but should have only a minor effect
on the activation energy and volume.®® Thus, we expect that us-
ing the uncorrected diffusion coefficients will have only modest
effects on the thermodynamic properties derived from the fitting.
The fit, the parameters for which are given in Table 1, accu-
rately describes the simulation data with average and maximum
fit errors comparable to those found for the experimental data
sets. The simulation data fitting gives values for the diffusion
coefficient, activation energy, and activation volume that are con-
sistent with our earlier calculations in which the latter two are
determined directly from simulations at 298.15 K and 0.1 MPa. 36
Further, they are in accord with the results from the experimen-
tal data. The values of JE,/df and dAV*/dp are also within
(or close to) the range of experimental results. However, the
cross-derivative in B and p, i.e., dE,/dp or dAV¥/dB, is larger
in magnitude (more negative) than that obtained from any of the
experimental data sets. It does have the same sign, indicating
that the TIP4P/2005 water simulation results are consistent with
the qualitative thermodynamic properties of the idealized transi-
tion state for diffusion as derived from the experimental measure-
ments. However, the model clearly exhibits an activation energy
(volume) that is too sensitive to pressure (temperature).

4.2 Interpretation

A century ago Tolman introduced an alternative, rigorous inter-
pretation of the activation energy.%%! The essence of the ap-
proach can be simply illustrated by consideration of the cumu-
lative reaction probability, .4 (E, V'), which is the total probability
of reaction at a given total energy E and total volume V. %2 The re-
action rate constant at constant pressure and temperature can be

8| Journal Name, [year], [vol.],1-14

obtained from this cumulative reaction probability by appropriate
averaging: 363

1

k(pT)= ———
T = S e (o1

/ dE / dve BEY) v (E V), (26)
0 0

where Q,(p,T) is the isothermal-isobaric ensemble partition func-
tion of the reactants. It is then straightforward to show that the
activation energy, eqn (3), is given by

Jo dE [ dV e BEPV)(E 4 pv). ¥ (E,V)

E, =
J dE [ dV e BETPY) 4 (E,V)

199,
Q, 9B

27)

The second term is just equal to the negative of the average re-
actant enthalpy, —(7¢),, while the first term can be simplified by
defining the normalized probability of reacting at a given E and
V)

e BEY) _y(E.V)

Preacting(E,V) = = ') . 28
ring (E,V) I dE [§dv e BETY) 4 (E,V) (28)

Then, the activation energy can be written in an intuitive form as

E,= <%>reacting - <=%/ﬂ>r: (29)
where
<=%'0>reacting = /O dE/O dV€7B<E+pV)
X (E + pV)Preacting (Ea V)- (30)

eqn (29) is the isothermal-isobaric ensemble version of Tolman’s
result,* which provides the important interpretation of the activa-
tion energy as the average enthalpy of all reacting species minus
the average enthalpy of all reactants. This is an alternative to
the typical meaning ascribed to E, as the (approximate) barrier
that must be overcome by reactants to react, replacing it instead
with the additional energy reacting species have (above the av-
erage energy of the reactants) that allows them to overcome the
barrier. Note that the latter interpretation enables a rigorous de-
composition of the activation energy into different kinetic and
potential energy contributions (that help or hinder passage from
reactants to products), while the standard barrier interpretation
does not, 35,36,64-67

A completely analogous approach can be used to show that the
activation volume in eqn (4) is given by

Avi = <V>reacling - <V>r7 (BD
where

<V>reacting:/0 dE/O dveiﬁ(Eerv)VPreacting(EvV)- (32)

This provides the Tolman interpretation to the activation volume
as the difference in average volume of reacting species minus the
average volume of reactants. Note that these volumes include not
only the reacting molecules, but any solvent or other species that

This journal is © The Royal Society of Chemistry [year]
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rearrange as part of the reaction.30 In the case of water diffu-
sion, the activation volume can be positive or negative depend-
ing on the pressure and temperature, but is negative at 298.15 K
and 0.1 MPa (Table 1), indicating that (V) ccring < (V)r, i.e., the
effective transition state for diffusion is more compact than the
reactants at ambient conditions.

A key feature of the relationships in eqn (29) and (31) is that
the averages over reacting species, () reacting and (V) reacting, in-
clude all the effects of transition state recrossing and require no
explicit definition of a transition state dividing surface. Instead,
they can be viewed as the thermodynamic properties of an ide-
alized transition state dividing surface that exhibits no recross-
ing.%® In addition to the obvious advantages this provides, it
makes the interpretation readily applicable to timescales that are
not obtained directly from rate constants, e.g., diffusion coeffi-
cients (vide infra), reorientation times, and viscosity.

For the present purposes, eqn (29) provides a simple interpre-
tation of the derivatives of the activation energy itself. Namely, it
is easy to see that non-Arrhenius effects are encapsulated in

JE,

9B
where C), reacting = 0(H ) reacting /OB and Cp, , = (), /I B are the
constant pressure heat capacities of all species that react and all
reactants, respectively. This interpretation of non-Arrhenius be-
havior that can be derived from Tolman’s perspective has been
previously recognized. 23 The results for water diffusion given in
Table 1 show that for all the measured data sets, (dE,/df) > 0,
which means that C,, > Cp reacring- A molecular-level explana-
tion of this result is currently lacking, but should be an important
component of detailed models of water diffusion.

= 7kBT2 [Cp,reacting - Cp,r] ) (33)

Similarly, the change in activation volume with pressure is
given a straightforward interpretation from eqn (31) as
aAVi _ a<V>reacting . a<v>r

ap op op (34

However, these properties are related to the corresponding
isothermal compressibilities, e.g.,

1 a <V> reacting

) (35)
<V> reacting ap

KT reacting = —

for species that successfully react. This gives the derivative of the
activation volume with respect to pressure in terms of the differ-
ence in isothermal compressibility of reacting species relative to
reactants,

IAVE

ap - [<V>reacting KT,reacting - <V>rKT,r] ) (36)

in analogy to eqn (33). For water diffusion, we find that
(0AV*/dp) is relatively small; large pressure increases are
required to change the activation volume. This derivative
is also positive at ambient conditions, indicating (V) xr, >
(V) reacting KT reacting, however, because (V) > (V) reqcring, it is not
possible to draw an umambiguous conclusion about the relative
magnitudes of k7, and K7 yeacring-
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The pressure dependence of the activation energy and the tem-
perature dependence of the activation volume are connected by
the Maxwell relation in eqn (7), which is a dynamical analogy to
the Maxwell relation in eqn (20). Namely, we have from eqn (29),

aEa _ a<<%p>reacting _ a<<%>r

op dp dp '’ (37)
but using eqn (19) we have,
a <%> reacting o . a <V> reacting
T - <V>reaclmg + ﬁ T , )
a <V>reacz‘in
= <V>reacling =T (7[{) . (38)
aT »

The second term can be expressed in terms of the coefficient of
thermal expansion,

1 IV ) reacting )
- . (39)
reacting <V>reacting ( o ’

This gives the B derivative of the activation volume, using
eqn (31), as

IAV*
73[3 = _kBT2[<V>reacting Qreacting — <V>rar] (40)

and, the pressure derivative of the activation energy, using
eqn (29) as

JE
pa = Avi - T[<V>reactingareacting - <V>r05r]- (4D

In this way, these derivatives are related to the difference in the
thermodynamic properties of the reacting and reactant species.
From Table 1 we see that B(dAV*/dB) < 0 at 298.15 K and
0.1 MPa, so that (V)ecringOreacting > (V)r0-. Given that (V), >
(V) reacting, We can conclude that et eqcring > -

4.3 Water Shear Viscosity

It is interesting to compare the results obtained from fitting the
water self-diffusion coefficient to that for the water shear viscos-
ity, 1. The two are naturally linked through the Stokes-Einstein

(SE) relation
kT
D=2~ (42)
Crnrn

where r is the hydrodynamic radius of the diffusing particle and
C is a constant that is 4 or 6 depending on the diffusion bound-
ary conditions (slip or stick, respectively). The observation and
explanation of deviations of water diffusion from SE behavior has
attracted significant attention.”:8:1417:59.60 The SE relation also
implies that the diffusion and viscosity activation energies are re-
lated by

Ea,D = Eu,r[ +kpT, 43)

where E,, = —(dInn~!/dp); this eliminates any uncertainty in
evaluating the SE relation that can arise from the choice of the
value of C. We have previously used direct calculations of diffu-
sion coefficient and viscosity activation energies to test SE behav-
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Table 2 Summary of nonlinear least-squared fits of eqn (24) to experimental measurements of the water shear viscosity, n, as a function of p and

T.7:1417,19-21,37.38 \/alyes are for Ty = 298.15 K and py = 0.1 MPa.

Cappi 73738 Harris & Singh Jonas  Abramson?!
Quantity Woolf1920  etal 17  etal 14 Units
n 0.896 0.910 0.908 0.865 0.767 mPa s
Ean 16.52 16.11 16.81 15.41 13.97 kJ/mol
AV -0.69 119 -1.73 1.06 2.07 cm?/mol
e 70.49 7111 86.92  55.69 78.37 (kJ/mol)?
225 1.10 1.15 173 014 0.0073 102 cm’/(mol MPa)
Lo -10.72 374 1019 -0.36 3.28 cm®/mol
3
By -10.03 255 846 -1.42 1.21 cm?/mol
RMSE 0.0 034 0.021 0.056 0.028 0.081 mPa s
x> 0.31¢ 1.17¢ 1.01 1.220 1.62¢
Avg. Fit Error 0.25 0.92 1.45 1.94 3.85 %
Max. Fit Error 0.84 3.90 5.92 7.07 12.28 %
4Assumes 1% error for all data points.
bAssumes 2% error for all data points.
¢Assumes 3% error for all data points.
ior through eqn (43).%0
An extended comparison involving a fuller set of activation
parameters can be made through the fitting approach proposed
here, in which we write
~1
7771 (p.B) _ a,n,()Aﬁ—ﬁAV:,FoAP 1-60 T T T T T T T T T
n="(po,Po) ’ e e _ 277.2 K o2 1
el e N -
_ 1 Oun| ygo B 9AVi| 1.4F T
2 9B | 2 dp
0 e 283.2K «———2 1
- —— —o—o—0———0
OAV; o l2r -
0 o I 7
S
in analogy to eqn (24) for the diffusion coefficient. We have ap- — 1- 208.9 K 7
plied this to five data sets from experimental measurements re- to —0—oo———0———8———0""" . _
ported in the literature and the parameters obtained from the
fitting are given in Table 2. 0.8 o~ 3’98_.2_ K - N
The five viscosity data sets can be roughly divided into 12 e 318.2 K 1
Y
three 7>17:19:20.37.38 ohtained at pressures < 400 MPa and two in- 06b——o-—o——-e-—="" - ]|
cluding measurements at substantially higher pressures. %21 We ' P B s s

first consider the former group, the results for which are given in
the first three data columns of Table 2 and plotted in Figs. 6, 7,
and 8. The fits to eqn (44) are in excellent agreement with the
data in all three cases, with average errors of less than 1.5% and
maximum errors of < 6%. The largest deviations occur at low
temperatures.

The activation parameters from the three lower-pressure fits
are in excellent qualitative and reasonable quantitative agree-
ment. The activation energy at 298.15 K and 0.1 MPa is found
to be in the range 16.11 — 16.81 kJ/mol, in good agreement with

10| Journal Name, [year], [vol.], 114
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Fig. 6 Comparison of measured n(p,T) (circles) from Cappi (Refs. 7,37,
38) compared to its fit (dashed lines) to eqn (44).
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Fig. 7 Comparison of measured n(p,T) (circles) from Harris and Woolf
(Refs. 19 and 20) compared to its fit (dashed lines) to eqn (44).

the value obtained by Woolf.” These results are too high com-
pared to the Stokes-Einstein prediction, eqn (43), based on the
diffusion coefficient activation energies in Table 1, which would
give E,n = 14.65 —15.95 kJ/mol. This is consistent with our
previous comparison of the activation energies from MD simu-
lations, which found deviations from the Stokes-Einstein descrip-
tion for water diffusion.®® The remaining activation parameters
are in general agreement with those obtained for D given the
variations between the data sets. The viscosity activation vol-
ume is negative and on the same order as that for D (approxi-
mately —1 cm3/mol). Similarly, the temperature dependence of
the activation energy, dE, ,/dp is between 70 — 87 kJ/mol in ac-
cord with the diffusion results. Both D and n also have similar
pressure dependence of the activation volume, with 8AV,;TL /dp on
the order of 1.1 — 1.7 x 1072 cm?®/(mol MPa). Finally, dE,/dp
and 8AV§ /dB vary in magnitude between data sets for both D
and 7, but are uniformly negative and of similar absolute values.
Overall, these similarities indicate the common process of the ex-
change of hydrogen-bond partners that underlies both diffusion
and viscosity, 22%° and point to the need for more precise and
detailed characterizations of the subtle mechanistic differences
between each property and the exchange rate constant.

The other two viscosity data sets, those of Jonas et al. 14 and
Abramson, 2! are concentrated on significantly higher pressures,
extending to ~ 900 and nearly 5700 MPa, respectively. The fit
parameters using eqn (44) are given in Table 2 and the results
are plotted in Figs. 9 and 10. The fits are not as accurate as
for the lower pressure results in Figs. 6-8, but are in quite rea-
sonable agreement with the measured data across the range of p
and T, with average errors of less than 4%. However, the result-
ing activation parameters change significantly compared to the
lower pressure results. In particular, the activation energy is re-

This journal is © The Royal Society of Chemistry [year]
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Fig. 8 Comparison of measured n(p,T) (circles) from Singh et al. (Ref.
17) compared to its fit (dashed lines) to eqn (44) at low (top panel) and
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duced and the activation volume becomes positive; both changes
appear to be correlated with the increase in pressures included
in the data set. Further, 8AV,';F /dp decreases substantially and
dEq.n/dp and z?AV,*,t /9B increase modestly. The non-Arrhenius
measure, JE, p/dp is, however, largely unchanged. The results
indicate that, while the fitting approach represented in eqn (44),
is flexible enough to describe data sets over a wide range of p and
T, the activation parameters at a particular py and S, are best ob-
tained from measurements (or simulations) that are focused on
nearby pressures and temperatures.

5 Conclusions

We have introduced a Maxwell relation for a reaction rate con-
stant, or other dynamical timescale, that is completely analogous
to the corresponding thermodynamic relationship. In particular,
this dynamical Maxwell relation connects the higher-order tem-
perature and pressure dependencies of the rate constant. Using
fluctuation theory we show how these are fundamentally related
to each other through the correlation of energy and volume fluc-
tuations with reactivity.

The Maxwell relation is used as the basis for proposing a
physically-motivated mathematical description of a rate constant
as a function of temperature and pressure. A key advantage of
such an approach is that the (six) fitting parameters are each
meaningful quantities, e.g., the activation energy, activation vol-
ume, and their derivatives with respect to pressure and tempera-
ture.

We have illustrated this description by using it to fit experimen-
tally measured values of the liquid water self-diffusion coefficient
and shear viscosity. The diffusion coefficients reported in several
NMR and diaphragm cell studies’~1! as well as simulation re-
sults for the TIP4P/2005 water model were first considered using
this Maxwell relation. Five experimental viscosity data sets were
also fit.7-1417,19-21,37.38 The fits are highly accurate and, more
importantly, give quantitative insight into the activation param-
eters and their pressure and temperature dependence. Specifi-
cally, the experimental fits yield values at 298.15 K and 0.1 MPa
for the diffusion coefficient, (2.2 —2.29) x10~° cm?/s, and the
activation energy, 17.1 — 18.4 kJ/mol, that are in good quantita-
tive agreement across the data sets considered. The quantita-
tive values of the other quantities vary more strongly between
the different measurements, but they are all in qualitative agree-
ment. Namely, the activation volume is negative, consistent with
the notion that increasing pressure from ambient conditions dis-
rupts the hydrogen-bonding network thereby accelerating water
diffusion. Non-Arrhenius effects are prominent, with the activa-
tion energy increasing as temperature is lowered. In contrast,
the activation energy decreases with increasing pressure, further
indicative of pressure-induced disruption of the water hydrogen-
bonding structure; this further requires, through the dynamical
Maxwell relation, that the activation volume decrease as the tem-
perature is lowered.

An interesting comparison of the viscosity and diffusion coef-
ficient activation parameters is provided by the fitting (limiting
ourselves to the lower pressure viscosity data). Notably, the vis-
cosity activation energies are higher than is predicted from the
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diffusion coefficient results assuming Stokes-Einstein behavior. %0

Beyond this, however, the activation parameters are in reason-
able accord, within the variations in results between the data sets.
The activation volumes and their pressure dependence are quan-
titatively similar for D and 7. Similarly, the activation energy
temperature and pressure dependences have the same sign and
magnitude for the viscosity and diffusion coefficient as well. In
this way, these fits provide useful insight into the similarities and
differences in the thermodynamic properties of the hypothetical
perfect transition states for water diffusion and shear viscosity.

These applications of the fitting approach illustrate how mea-
sured dynamical timescales as a function of pressure and temper-
ature can be described, and fit, in a physically meaningful way.
This should be a useful alternative method for fitting such exper-
imental data to the typical approaches based on empirical formu-
las. It also will provide closer connections to, and benchmarks
for, theoretical calculations by determining the values of activa-
tion parameters.
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