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The entropy of the superprotonic transition (phase—llphase 1) of CsHS@is evaluated both
experimentally and theoretically. Calorimetric measurements reveal a value of 14.75(22) Xmbol
Under the assumption that the entropy is entirely configurational, arising from both sulfate group
orientational disorder and disorder in the hydrogen-bond network, we evaluated several structural models
of CsHSQ for their consistency with the measured entropy. For a structure in which hydrogen-bond
disorder is independent of sulfate-group orientational disorder, simple methods of calculating the number
of structural configurations are inadequate. Thus, the configurational entropy of the superprotonic,
disordered phase of CsH$@®@ evaluated using an approach similar to that employed by Pauling to
describe the residual entropy of ice at 0 K. Analogous to ice and the so-called ice rules, superprotonic
CsHSQ is assumed to obey a set of structural rules. Key among these are that there is only one proton
per sulfate tetrahedron and only one proton per hydrogen bond. Defects are argued to make a negligible
contribution to the transition entropy. The transition entropy obtained from this model, 14.9°3 mol
K1, is in excellent agreement with the measured value. Such a match between theoretical and experimental
values suggests that of all published Phase | structures, the structure proposedaydieakorrectly
describes the arrangements of the sulfate tetrahedra and protons attached to them. The assumption of a
low defect concentration implies that the jump in proton conductivity at the transition is due to an increase
in the mobility of charge carriers rather than their concentration.

Introduction Since the discovery of the superprotonic transition in

Several acid salt or solid acid compounds with stoichi- CsHSQ in 1982 by Baranov and co-workefslose to 50
ometries MHXQ, M3H(XO4), (M = Cs, Rb, NH; M = S, papers have appeared detailing the structural, dynamic, and
Se), and MHX'O,4 (X' = P, As) undergo a remarkable phase transport properties of this compound alone. Until quite
transition at which the proton conductivity jumps by-8 recently, these studies have been primarily of academic
orders of magnitudé&.” An extraordinary characteristic of  interest. However, the solid nature of superprotonic acid salts
these materials is that despite the sharp crystalline diffractionrenders them inherently advantageous for a variety of
patterns of the so-called superprotonic, high-temperatureapplications relative to their liquid or even polymeric proton-
phases, their conductivities are comparable to those ofconducting counterparts. In particular, the authors have
chemically analogous liquidsAlthough such behavior is ~ demonstrated viable fuel cells incorporating CsHS@d
highly unusual, a similar phenomenon is encountered in the CsHPO, electrolytes'®!! raising the prospects of com-
classic compound Agl. Silver iodide exhibits a superionic mercially important devices based on these fascinating
transition at which the silver ionic conductivity rises sharply, materials.
again, by several orders of magnitude, and the conductivity The superprotonic transition in CsH$@ first order in

subsequently decreases upon melfing. nature, involving a transformation from a monoclinic, low-
temperature phase (phase Il) to a tetragonal, high-temperature
* Corresponding author. Email: calum@caltech.edu. phase (phase |) at 414 K2
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Figure 1. Disordering of protons across the superprotonic transition of

CsHSQ according to the Plakida model. (a) Beldw the proton positions

in the vertical chains are completely occupied, whereas those of the
horizontal, cross-linking chains are unoccupied. (b) Above the transition.
the protons are distributed with equal probability over all available sites.

the phase | structure, particularly with respect to librations
of the bisulfate (HSG) groups? Although there is debate as

to the actual number and/or directions of the orientations
possible for each tetrahedron, as discussed in detail below

frequency of~1 x 10" Hz,* with distinct oxygen positions
associated with different tetrahedral group orientatidihis
rapid reorientation, in combination with a high rate of proton
transfer between tetrahedral groupsl(x 10° Hz), is
responsible for the dramatic increase in proton conductivity
at the superprotonic transition of CsH$énd, indeed, all
superprotonic solid acidsln the case of CsHSQthe rise

in conductivity is particularly steep, increasing fromxl
106t01x 10%0r1x 102Q 1 cm™! over a temperature
window of only~ 3 °C.* The proton-transport process is an
example of the Grotthus mechanism, in which proton
migration occurs via dipole (in this case,$0O,"?) reori-
entation, structural relaxation, and proton hoppihg.

The entropy of the transition to the high-temperature phase
of CsHSQ has been of some discussion. Reported values
of this quantity range from 11.0 to 14.3 J mbK 1121720
To a first approximation, the low-temperature phase can be
considered to have zero configurational entropythe
hydrogen bonds are asymmetric with single minima and the
positions of oxygen atoms are fixédThus, the entropy of
the transition ASrans is simply the entropy of phase$,. In
one of the first attempts to quantify (and therefore\Syang,

there is general agreement that the librations occur at a
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Although this model correctly represents some aspects of
Phase | CsHSE such as partially occupied proton sites, it
is not entirely adequate. First, the idealized structure is not
representative of the experimentally determined structure of
CsHSQ, but rather appears to be derived from the close
relationship between the room-temperature structures of
CsHSQ and CsHPQ,. The latter contains two-dimensional,
hydrogen-bonded 0O, layers?®24which can be constructed
from the cross-linking of one-dimensional chains, as found
in phase Il CsHS®'? In contrast, the high-temperature
structure of CsHSQ(as determined experimentally) has a
three-dimensional hydrogen-bond network with oxygen
atoms distributed over multiple sitésThe differences
between the model and experimental structures results in a
calculated transition entropy of 9.1 J mbK 1, which is
lower than even the smallest experimentally measured value
(11.0 J molt K~1).12 Second, the Plakida model implies that
a compound such as CgPD,, in which all possible
hydrogen-bond positions in the two-dimensional H-bond
network are already occupied, should not undergo a super-
protonic transition. This is in direct contradiction to the most
recent experimental investigations of this material, showing
a transition to a high conductivity phase at 2302526

In an effort to develop a complete picture of the disorder
in the high-temperature phase of CsHS®@e present here
new experimental measurements of its thermal behavior,
which can be compared to theoretical predictions. More
significantly, we present a new methodology for evaluating
the entropy of compounds in which orientationally disordered
oxyanions are linked by randomly distributed hydrogen
bonds. The methodology is based on Pauling’s approach for
assessing the residual entropy ofli@nd has important
implications for the mechanisms of superprotonic conductiv-
ity. The entropy analysis suggests that it is possible to
distinguish between various models proposed in the literature
for the structure of superprotonic CsH$Qvhere those
models are differentiated in terms of the details of the sulfate
group orientations.

Experimental Procedures and Results
Single crystals of CsHSOphase Il (space group2,/c) were

Plakida has proposed a model in which protons are taken t0g4yn at room temperature by slow evaporation from an aqueous

be distributed over a two-dimensional lattice of hydrogen-
bond positiong!?? This idealized structure contains twice

solution of CsCO; and SO, with a 1:1 molar ratio of Cs:S©
Each crystal used for thermal analysis was individually confirmed

as many positions are there are protons to occupy them. Atto be CsHSQby single-crystal X-ray diffraction. Diffraction data

low temperature, the proton positions are fixed, forming the
one-dimensional chains known to exist in phase Il, Figure
la. At high temperatures, the protons become randomly
distributed, Figure 1b, with each proton position being, on
average, 50% occupied.
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were collected on a Syntex 4-circle single-crystal diffractometer
using Mo Koo radiation. Differential scanning calorimetry was
performed with a Perkin-Elmer DSC 7, calibrated for temperature
and heat flow accuracy using In and Zn metal standards (P-E part
N519-0762). Data were measured from 14 different samples under
flowing argon, using a heating rate of 10 K miThose samples
with the highest and lowest, respectively, transition enthalpies were
removed from the analysis and the properties were defined as the
averages obtained from the remaining 12 datasets.
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Figure 2. DCS curve obtained from a single crystal of CsHS3f@ated at
a rate of 10 K/min under flowing argon.
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A typical curve obtained from the calorimetry experiments is
shown in Figure 2. There is a clear endothermic transition around
414 K visible in the scan. The enthalpy associated with the transition

was calculated from the peak area, after a fitted baseline had beerf

subtracted. The average onset of the-lll transition in CSHSQ@
was found to occur at 414.4 1.2 K, very much in agreement
with the values reported in the literature, which range from 413 to
419 K, Table 1. The average enthalpy measured here for the Il

| transition, 6.11+ 0.09 kJ mot?, is higher than that of earlier
studies. Consequently, the implied transition entropy of 14t75
0.22 J moft K~1is also beyond the upper end of the 12131.3 J
mol~t K~ range reported in the literature, Table 1.

There are a number of possible reasons for the wide range of

measured values for the superprotonic transition entropy of CgHSO
A key factor is possible contamination of CsHS@ith other alkali
ions. For example, as described in detail elsewRe@sHSQ
crystals grown from solutions intentionally contaminated with trace
levels of sodium/potassium cations were found to display markedly
different thermal properties than crystals obtained from high purity
solutions. In particular, although the onset temperature of the I
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CsHSQ crystallizes in space grouph/amd with lattice
constantsa ~ 5.75 A andc ~ 14.3 A has been confirmed
many times over in the literature. Reported high-temperature
structures (as determined by both X-¥ay® and neutron
diffraction experiments®*3y agree, furthermore, in the
placement of heavy atoms. Specifically, the sulfur and cesium
ions each fully occupy special positions (a) and (b) with
multiplicity 4. The symmetry at these sites i§12, which is
consistent with the point group symmetry of an ideal
tetrahedron. In principle, therefore, sulfate group disorder is
not necessary to allow CsHa® crystallize in space group
I4,/amd Orientationally fixed S@groups can be obtained,
Figure 3, if the oxygen atoms reside (with full occupancy)
on 16(h) sites, which lie on the mirror plane that passes
through the central S atom of the tetrahedron. Such an
arrangement, however, would result in unreasonably long
hydrogen bonds (i.e., minimum-@D distance of 3.22 A).
Thus, as revealed by several experimental studies, the oxygen
atoms do not reside on just one 16(h) site with full
ccupancy, but are instead distributed over multiple sites.
Within this framework, two candidate hydrogen-bond posi-
tions have been identified, Figure 3b. The first, with protons
at 16(f) positions, extend in the1/2 0 1/8> directions and
produce a three-dimensional hydrogen-bond network. The
second, with protons at 8(e) positions, extend in #ie0

0> directions and produce a two-dimensional (layered)
hydrogen-bond network.

The many different structural models presented in the
literature differ in the details of the oxygen positions and
thus the number and type of $@roup orientations, as well
as the locations of the protons/hydrogen bonds. Difficulty
in precisely locating the oxygen atoms (and thus the sulfate
group orientations) results from the highly disordered nature
of the structuré and the tendency of high-quality single
crystals to become polycrystalline in phas® Bimilarly,

| transition was unchanged, those samples exhibited a Statistica”yoxygen disorder hinders precise structural determinations in

lower transition entropy of 12.5(5) J mdlK 1. Furthermore, the
X-ray powder diffraction patterns of these contaminated samples
were indistinguishable from that of high-purity CsH§@nd thus

the presence of alkali impurities at low levels could be easily
overlooked. Evaluation of the transition entropy using the Clapeyron
relation, d®/dT = AS/AV and published®—T phase diagrams of
CsHSQ?2%as well as the reported volume change at the trangktion
yields much greateASvalues than those obtained from any of the
thermal methods, Table 1, and provides little insight into the true
value of the transition entropy.

Discussion

Structure of Superprotonic CsHSO,. An accurate de-
scription of the entropy of any compound requires an
understanding of its structure. That superprotonic, phase |
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certain phases of ice, although in those cases the oxygen
disorder is often stati#’-* What follows is a set of detailed
descriptions of the structures corresponding to the various
proposed models of CsHQOI, descriptions that are neces-
sary for evaluating the entropy associated with the disorder
inherent in each of the models.

The reported structural models of superprotonic CsEHSO
can be grouped into four categories, exemplified by those
proposed by Jirak, Merinov?! Belushkin®® and, again,
Merinov3 All can be considered derivatives of an ideal
structure containing no anion disorder, Figure 4. In the Jirak
model, the oxygen is displaced from the 16(h) site and resides
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Table 1. Thermal Properties of the Il — | Superprotonic Transition of CsSHSO4

source Tonset(K) AH (kJ mol?) AS(J mol1K™Y)
this worlé 4144+ 1.2 6.11+ 0.09 14.75+ 0.22
Komukae (1981 413 451 11.0
Baranowski (1986Y 416 5.3 12.7
Lunden (19913 415 55 13.3
Boysen (2000 417 5.5 13.2
Ponamareva (200%) 419 6.0 14.3
Clapeyron relatioh dT/dP (K/GPa) AS (I molFtK™1
Ponyatovskii (1982} 5+3 82+ 50
Friesel (1989 12.6+ 0.5 295+ 1.2

a Averaged over 12 measurements (using different single-crystal sampleahd dP/dT values for the transition at 1 atm pressutd/ at the transition
of 0.54% relative to room-temperature volufe.

instead on the 32(i) site with an assigned 50% occupancy,bond arrangement about the sulfate group, the tetrahedral
Figure 4b. With this location of oxygen atoms, the sulfate unit can reside in either of its two possible orientations.
group can exist in one of two possible orientations; the In the first model proposed by Merinov, the oxygen atoms
oxygen atoms sites associated with one of those two reside on two different 16(h) sites (identified here as 16(h)
orientations are indicated in the figure with asterisks. Overall, and 16(h)), each with 50% occupancy, Figure 4c. Although
the sulfate group is quite regular, with all the-S—0 angles there are eight local oxygen positions about each sulfur atom,
within 2° of the ideal tetrahedral value of 109.5 he two much as in the Jirak model, there are, in fact, four possible
SO, group orientations transform into one another by rotation sets of oxygen sites that can be occupied at any time,
about the 4axis by 32 (or 58). Protons in the Jirak model  allowing for four possible S@orientations. One of those
(Figure 4b) sit on a single crystallographic 16(f) site, orientations is indicated in the figure by the asterisked oxygen
resulting, as described above, in a three-dimensional hydrogenatoms. The remaining three can be generated by action of
bond network and hydrogen bonds that extend in<4lié2 the mirror planes that extend parallel to thexs on this

0 1/8> directions. On average, two of the four crystallo- particular orientation, and each oxygen atom can be part of
graphically equivalent oxygen atoms of the sulfate anion are two different “orientations”. That is, operation on the
involved in hydrogen bond formation at any particular asterisked atoms of Figure 4c by one of the mirror plane
instant, serving as either donor or acceptor in the bond. changes the location of only two of the four oxygen atoms,
Unlike the situation with the Belushkin and Merinov models, leaving the remaining two in place. For each orientation, two
the orientation of the sulfate group is independent of which non-hydrogen-bonded sites, 16(hdnd two mixed donor/
hydrogen bonds are formed, i.e., which particular oxygen acceptor oxygen sites, 16¢hare occupied. The assignment
atoms participate in hydrogen bonding and which particular of oxygen atom types is based on the assumption that protons
proton sites are occupied. Thus, for any given hydrogen- reside with 50% occupancy in the 8(e) sites discussed above.

&2

R

RRA
X

C ‘ c ‘ N
o N . o O Ol=gm O ¥ a8y O
Figure 3. Idealized tetragonal (space grolp/amg structure of CsHS@-1 with oxygen atoms residing on fully occupied 16(h) sites, located on mirror

planes, and protons residing on either 16(f) or 8(e) positions, open and closed circles, respectively. (a) projection on (100) and (b) clif@grayttic v
Cs atoms omitted for clarity.
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Figure 4. Possible configurations of the sulfate tetrahedra in phase | CsH&) idealized configuration containing no disorder, and configurations
proposed by (b) Jirak(c) Merinov3! (d) Belushkin®® and (e) Merinov?3 The Jirak model has two distinct orientations of the sulfate group, whereas the
Merinov and Belushkin models have four. The * marks in the figures designate one possible arrangement for the oxygen atoms of a tetrahedron.

Unlike the Jirak model, the orientation of the sulfate group ably more readily resolved in the diffraction data than the
fixes the location of the hydrogen bonds (and vice versa) largely unoccupied 8(e) site), stoichiometry then demands
because of the distinction between oxygen atoms that do andhat the occupancy of the 8(e) site be 0.008. With such a
do not form hydrogen bonds. Overall, the sulfate group is low occupancy, the 8(e) site makes little contribution to the
quite irregular, with three of the ©5—0 angles being-96° overall configurational entropy. Thus, for simplicity, we take
and one being 1250nly two, with values of 119 are close the 16(f) site to be 1/4 occupied and the 8(e) site to be empty,
to the ideal tetrahedral values. In addition, it is not possible as in the Jirak model. Such a simplification leaves only the
to simply rotate the sulfate group from one orientation to oxygen atoms in the 32(j)sites as mixed donor/acceptors
another. Any change in orientation requires readjustment of in hydrogen-bond formation, with hydrogen bonds again
the O-S—0 angles and ©0 edge distances. extending in the<1/2 0 1/8> directions. Furthermore, as in
Belushkin has proposed a model that combines featuresthe Merinov model, the identification of any single oxygen
of the Jirak model and the first Merinov model. Oxygen as either a hydrogen-bonded or non-hydrogen-bonded oxygen
atoms reside over two distinct oxygen sites, both on 32(i) atom fixes the orientation of the sulfate group (and vice
positions, again labeled a and b, and each with occupancyversa).
of 25%. Accordingly, there are 16 local oxygen sites about In a later study of the superprotonic structure of CsHSO
any sulfur atom, and four distinct sulfate group orientations. Merinov proposed a revised model that, in turn, combines
The oxygen atoms associated with one particular orientationfeatures of the Belushkin model and his earlier one. Again,
are asterisked in Figure 4d. The sulfate group indicated is oxygen atoms are placed in two distinct sites, but in this

fairly regular, with O-S—0 angles ranging from 107.2 to

112.5. In discussing their structural model, Belushkin et al.
state that one Sforientation may be transformed into

another by a 30rotation “around the central sulfur atom.”

However, application of a 30rotation along the-4 axis

case only one is displaced from the mirror plane to a 32(i)
position, whereas the other resides on the mirror plane in a
16(h) position. Essentially, the 32(Bite from the Belushkin
model, which is only slightly displaced from the mirror plane,
is forced onto the higher symmetry location. Thus, the

does not yield such a transformation. Indeed, much like the number of local oxygen positions about each sulfur atom is
first Merinov model, any change in orientation appears to reduced from 16 of the Belushkin model to 12. In further

require readjustment of the-€5—0 angles and ©0 edge
distances.

analogy to Belushkin’s result (and also analogous to Me-
rinov’s first result) there are four distinct sulfate group

Protons in the Belushkin model are placed at both the 16- orientations, with one of these indicated in Figure 4e as the

(f) sites of the Jirak model and the 8(e) sites of the Merinov asterisked oxygen atoms. Four rather than three orientations
model, with occupancies of 0.246 and 0.094, respectively. (which might be expected simply from dividing 12 sites by
The proximity of the protons to the oxygen atoms implies 4 oxygen atoms) are possible because each of the 16(h)
that all oxygen atoms, in principle, serve as mixed donor/ positions contribute to two different orientations. This can
acceptor atoms. However, the reported proton site multiplici- be understood by noting that action of either of the mirror
ties and occupancies yield 1.17 protons per formula unit (i.e., planes (which places the sulfate group in a new orientation)
CsHSQ), instead of the expected value of 1. If one accepts changes the location of both of the 32(i) oxygen atoms but
the 0.246 occupancy value for the 16(e) proton site (presum-only one of the two 16(h) oxygen atoms. This is consistent
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Table 2. Comparative Summary of the Crystal-Chemical Features of the Four Main Structural Models Proposed for CsHSQ@ in Phase |

structure type Jirak (1987) Merinov (19875 Belushkin (1991% Merinov (1997%3
similar structures Varma(199%) Nozik (1990%4
no. of orientations 2 4 4 4
oxygen o(1) o(1) 0(2) o(1) 0(2) O(1) 0(2)
site 16(h) 16(h) 16(h) 32(i) 32(i) 32(i) 16(h)
chemistry A/DIN N A/ID AID Nb A/ID Nb
occupancy 1/2 1/2 1/2 1/4 1/4 0.25(1) 0.51(3)
proton H(1) H(1) H(1) H(2) H(1) H(2)
site 16f 8e 16f 8(e) 16(f) 8(e)
occupancy 1/4 1/2 0.246(7y 1/4 0.094(7y—0 0.21—1/4 0.09—0
d(S-0) (A) 4 x 1.48(2) 2x 1.48(7)  to O(2wp 2 x 1.504(10) to O(1p 2 x 1.492 to O(L\p
2x1.46(5)  toO(1y 2 x 1.570(5) to O(2) 2 x 1.479 to O(2)
00—-S-0 (deg) 2x 111.9(8) 95.5(8) 2 116.8(8)  112.5(3) 112.5(3) 97.7 2108.8
4 x 108.3(9) 125.5(9) % 98.2(10) 108.9(3) 108.9(2) 104.7 »2118.9
107.2(2) 107.1(4)
d(0-++0) (H-bond) (A) 2.79(4) 2.84(6) 2.59(1) [2.806(18)] 2.56 [2.98}
species 0O(1), HQ1) 0(2), H(1) O(1), H(1) [O(2), H(2)] O(1), H(1) [0(2), H(2)]

aA/D = donor/acceptorN = non-hydrogen-bonded.Proton occupancies simplified from as-published results in manner indicated, resulting in the
redefinition of selected oxygen atoms as non-hydrogen-bonded.

with the 25% occupancy on the 32(i) site and the 50% because the entropy of CsHS@hase Il is zero (as also noted
occupancy on the 16(h) site. above), this entropy corresponds to the—H | transition

The sulfate group of the second Merinov model is entropy. The value from this simple approach was in good
somewhat distorted, with-©S—0 angles ranging from 97.7  agreement with contemporaneous reports for the experimen-
to 118.9. Moreover, as in all but the Jirak model, the SO tally measured entropy, 16-43.3 J mot! K1, Table 1.
group cannot be transformed from one orientation to another Accordingly, the entirety of the entropy of CsHg@hase |
by a simple rotation operation. The proton positions and site was thought to be adequately accounted for by simply
occupancies are essentially taken from the Belushkin model,considering the four orientations of the sulfate group without
and again, for simplicity, the 16(f) proton site is assumed, accounting for additional entropy due to hydrogen-bond
for the present analysis, to be 25% occupied (as opposed tadisorders®
21%, as reported) and the 8(e) site taken to be unoccupied The present work, as well as the more recent experimental
(as opposed to 9% occupied, as reported). With this studies?® indicate that the I[l— | transition entropy of
simplification, only the oxygen atoms of the 32(i) sites CsHSQ is substantially greater than previously thought,
participate in hydrogen-bond formation as mixed proton ~14.8 rather than- 12 J mof! K=, Table 1. This value is
acceptor/donors, and once again, identification of any single greater than can be accounted for by the Merinov or
32(i) oxygen atom as the site of a hydrogen bond fixes the Belushkin structural models of CsH$Q. In what follows,
positions of all the other oxygen atoms. we show that the Jirak structure, in which sulfate-group

In summary, see Table 2, it is evident that the four models orientation and hydrogen-bond location are independent of
disagree in terms of (1) the number of orientations of the one another, does imply an entropy that coincides with the
sulfate group, (2) the directions of those orientations (and experimental value measured here. To provide an adequate
thus the directions of the hydrogen bonds formed betweendescription of the entropy, we develop a formalism that is
sulfate groups), (3) the existence (or not) of crystallographi- applicable not only to CsHS(phase | but to superprotonic
cally inequivalent oxygen atoms, (4) the local geometry of phases in general in which anion-group disorder and
the sulfate group and of the hydrogen bond, and (5) the extenthydrogen-bond disorder must be accounted for simulta-
of correlation between hydrogen bond formation and sulfate neously. The approach is based on Pauling’s analysis of the
group orientation. In particular, with respect to the fifth point, residual entropy of ice, in which OH dipole orientational
the Jirak model is unique in that the sulfate group orientation disorder and local hydrogen-bond disorden (& ) are
is independent of the location of the hydrogen bonds. Despite simultaneously describéd.
the differences between the models, in all cases, the sulfate Ice Reviewed.Hexagonal ice (icey) is composed of
group is expected to participate, on average, in the formation oxygen ions and protons, with each oxygen atom coordinated
of two hydrogen bonds, with, on average, one donor and by four nearest neighbor oxygen atoms, at distances of 2.76
one acceptor oxygen atom existing per oxyanion group atA, residing on the corners of a regular tetrahedron, Figure
all times. 539 Hydrogen bonds, with ©H distances of 1.0 A, connect

Preliminary Entropy Evaluations. For those structural ~ the oxygen atoms to one another and thus each oxygen atom
models in which the location of the hydrogen bonds is is surrounded by four possible proton sites. Between each
explicitly determined by the orientation of the sulfate group, pair of oxygen atoms, there are two such proton sites that
the number of possible configuration is simply given by the are separated by 0.76 A. In the absence of defects, the oxygen
number of sulfate group orientations. Somewhat coinciden- ion serves as a donor in two hydrogen bonds and as an
tally, all three of the “correlated” models incorporate four acceptor in two additional bonds. Thus, all possible hydrogen
sulfate group orientations, implying a molar configurational bonds are formed, with one-half of the proton sites occupied.
entropy ofR In(4) = 11.5 J mot* K13 whereR is the
universal gas constant (8.314 J molK~'). Moreover, (39) Bernal, J. D.; Fowler, R. Hl. Chem. Phys1933 1, 515.
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Figure 5. Structure of hexagonal ice: each oxygen atom is tetrahedrally
surrounded by four oxygens and four possible proton $ttes.

Chisholm and Haile

site is only 50% if doubly occupied hydrogen bonds are to
be avoided. Consequently, the number of accessible configur-
ations must be modified by a factor of (1/2) for each proton.
The number of configurations for each® molecule is then

#of J
Q _[ #of proton ] «| probability a proton |\Proons
configurations site is open 1)

() -t

This calculated value for the residual molar entroRylin-
(3/2) = 3.37 J mot! K71, is in extremely good agreement
with the experimental data, 3.65 J mbK 1.4

Ice Rules Adjusted for Phase | CsHSQ. The modifica-
tions we make to the above ice rules in applying them to
superprotonic phases such as that of Csl&® very similar
to those given by Slater in describing the ferroelectric
transition of KHPO,,*t which, in turn, remain relatively
unchanged from those used by Pauling. To apply the Pauling

Upon cooling, the entropy of hexagonal ice as measuredapproach to superprotonic CsHgQhree key structural
experimentally does not approach zero, but rather retains adifferences between CsH3@nd ice must be accounted for.
residual value due to the random manner in which protons First, the structural unit of interest in the former is the sulfate

occupy the available proton positioft®?auling quantitatively
explained the magnitude of this residual entropy by first

restricting the possible configurations according to the so-

called ice rules

(i) two and only two protons are bonded to each oxygen
atom;
(ii) one and only one proton occupies each hydrogen bon

(iii) the hydrogen bonds are directed approximately toward

two of the four neighboring oxygen atoms;

group rather than the oxygen ion. Second, the H:SO
ratio is 1:1, as compared to the H:O ratio of 2:1 in ice. Third,
in addition to the random distribution of hydrogen bonds,
which will be described in analogy to ice, the sulfate group
can be oriented in one of multiple directions for any given
location of the hydrogen bond, introducing additional pos-

d: sible configurations and therefore, configurational entropy.

The H:SQ ratio in CsHSQ of 1:1 changes the first ice
eto

(iv) interaction between non-neighboring water molecules (i) one and only one proton is associated

does not energetically favor one possible configuration of
protons with respect to other possible configurations, so long

as those configurations satisfy ifiii).

The first two of these rules, originally proposed by Bernal
and Fowler®® imply that defects such as hydroxyl groups,
hydronium ion groups, armo andL-defects (doubly occupied

with each tetrahedron (2a)

The second rule remains essentially unchanged from its
previous formulation:

(ii) one and only one proton occupies each hydrogen bond
(2b)

bonds and unoccupied bonds, respectively) do not substan-

tially add to the total number of accessible configurations
and, accordingly, their contribution to the residual entropy
is inconsequential.

A single, isolated KO molecule obeying the “ice rules”
has, in principle, several configurations available to it. The

first proton can be situated in one of four possible locations

This rule applies only to hydrogen bond sites where bonds
are actually formed, not to all possible hydrogen bond sites
(2/2 of which remain unoccupied). The third and fourth rules
are modified only to reflect the fact that hydrogen bonds
are formed between the oxygen atoms of neighboring sulfate
groups (rather than just between oxygen atoms):

and the second in any one of the three remaining |Ocati0nS.(iii) hydrogen bonds are directed toward oxygen

Of these twelve configurations, only one-half are distinct,

and the number of possible configurations becomes six.

Stated for the general case, the molecule(masonfigura—
tions available to it, where is the number of proton positions
neighboring each oxygen atom amdl is the number of
protons that are present to fill them. Within the three-

dimensional structure of ice, on average, one-half of the

atoms of neighboring tetrahedra (2c)

(iv) interaction between non-neighboring
tetrahedra does not energetically favor one possible
configuration of a tetrahedron and its proton
with respect to other possible configurations,
so long as those configurations satisfy{fjii) (2d)

proton sites are occupied, and thus the probability that any  Although not explicitly stated, the fourth rule reflects the
particular proton could, in fact, be placed at any particular independence of the tetrahedral group orientation and

(40) Giauque, W. E.; Ashley, J. WPhys. Re. 1933 43, 81.

(41) Slater, J. CJ. Chem. Phys1941 9, 16.
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(a) ! (b)

="

No interaction'

R

Figure 6. lllustration of the independence of hydrogen bond direction between second nearest neighbor tetrahedra: (a) two bisulfate tetrahedra, directly
neighboring a common sulfate group, do not interact with respect to the direction of their hydrogen bonds, so that one tetrahedron may reaient; (b) th
reorientation changes the number of hydrogen bonds associated with the central group from two to three. Locations of hydrogen bonds emphtesized by dot
rectangles.

—_— hydrogen bond
——— possible hydrogen bond

f}éj SO, ¢ proton o unoccupied left: SO, group in one of two possible orientations
Q0 proton site right: SO, group in one selected orienation
Figure 7. Schematic descriptions of the disorder accounted for by adjusted ice rules: (a) random distribution of protons (and hence, hydrogen bonds) over

all available positions while maintaining a H:$@tio of 1:1 in the superprotonic phase of CsHSénd (b) local disorder of sulfate group in a manner
independent of the overall position of the hydrogen bond. Locations of hydrogen bonds emphasized by rectangles in (a).

hydrogen bond direction. Furthermore, implicit in these rules share a hydrogen bond. Thus, the absence of direct interaction
is the assumption that (as in the case of ice) double-minimabetween groups 2 and 3 renders possible both two different
hydrogen-bonds exist between oxygen atoms such that, atconfigurations, which generate differing numbers of hydro-
any given instance, a proton is associated with only one gen bonds on group 1.
particular sulfate tetrahedron. Physical justification for this interpretation of the structure
The fourth rule has the important implication of allowing of superprotonic CsHS{derives from the observation, as
any number of the non-donor oxygen atoms of the bisulfate noted above, that the sulfate group reorientation rate is orders
group to serve as acceptors in a hydrogen bond. This isof magnitude greater than the proton-transfer rate and from
equivalent to stating that, for any given orientation, the the absence of any experimental evidence of correlated
tetrahedral group forms a minimum of one to a maximum sulfate group dynamics. It is noteworthy that this feature of
of four hydrogen bonds. The reasoning is as follows. CsHSQ (a variable number of hydrogen bonds per anion
Consider the bisulfate group generically identified as group unit) differs from the situation in ice because one-half of
1 in Figure 6, with neighbors group 2 and group 3. Group 1 the possible hydrogen bonds are unoccupied, whereas in ice
forms a hydrogen bond with group 2 as a consequence ofall are occupied. A further consequence is that so-called
the donor oxygen atom in group 2 being directed toward L-defects (“leer” or empty hydrogen bonds) have no meaning
group 1. The orientation of group 3, which is not a direct as defects in CsHS(because they are an inherent part of
neighbor of group 2, is not influenced by the latter, so long the structure.
as rules (i)-(iii) are obeyed. Thus, group 3 may be oriented  The modified rules allow us to evaluate the number of
as shown in Figure 7a, so as not to form a hydrogen bond configurations associated with the random distribution of
with group 1, or may reorient (Figure 7b) to generate the hydrogen bonds in the structur®, in a manner entirely
configuration shown in Figure 7c, in which groups 3 and 1 analogous to ice. To account for the multiple sulfate
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orientations, we introduce a second tefa, which is simply vibrational contribution might, in turn, bring the calculated
the number of oxygen positions possible for any particular entropy of the Merinov and Belushkin models in line with
hydrogen bond. Together, these imply a total number of the experimental value measured in this work. However, the
configurations for CsHSQof internal vibrational modes of the sulfate groups are rather
similar to those at lower temperatures (exhibiting a gradual

B / fo‘t’({m\ transition toTy symmetry upon heatind¥,inconsistent with
o #of . probability |7 . #of a large change in vibrational entropy and with the presence
s proon a proton owgen | (3) of highly distorted tetrahedra.
configurations )\ site is open M Adjusted Ice Rules and Superprotonic Conductivity.

Q, Q, A key assumption in the entropy formalism developed here
is that the concentration of defects in the hydrogen bond
The types of configurational disorder described by these system of CsHS@is negligible. At first glance, this
two terms are shown schematically in Figure 7. assumption would seem to be odds with the observation of
Numerical evaluation of eq 3 on the basis of the Jirak high conductivity of phase | CsSHSQwhich certainly relies
model for superprotonic CsHSQs straightforward. There  on the presence of defects. In analogy to ice, defects in the
is one proton per sulfate groum( 1), which canreside in - hydrogen-bond system must be either ionic (i.e., 2SO
one of four hydrogen bond sites & 4). Furthermore, on . H,50,0 + SO,~2) or comprisep- and L-hydrogen-bond
average/, of the proton sites are occupied, such that the gefects (doubly occupied or empty hydrogen bonds, respec-
probability that a particular proton site is open is 3/4. Finally, tively). However, as already discusseddefects have no
as described above, there are two possible orientations ofneaning for this structure because one-half of the possible
the sulfate group for any given hydrogen-bond arrangement, hydrogen bonds are already unoccupied and these unoccupied
which is equivalent to the existence of two oxygen positions, sjtes are completely randomly arrangeeDefects, on the
again, for any particular hydrogen bond. These data imply & other hand, are ruled out because they are typically of very
molar number of configurations & = (;)(¥)*2=6and  high energies (60 kcal mol in the case of ice¥® leaving
a molar configurational entropy of ionic defects as the mostly likely defect species in super-
protonic CsHSQ@*6:47

The concentrations of $30,° and SQ 2 defects in phase

The calculated value is in remarkably good agreement with | Nave not been experimentally measured; however, their
that measured here experimentally, 14.75(22) J#nigi. values can be approximated by comparison to molten sulfuric

On this basis, we propose both that (1) the formalism acid- At 25°C, the a+utoprotolys_is of $8G, results in
developed here is appropriate to describe the entropy Ofconcentratlons.of bBQ;" and HSQ™ of only 0.15 and _0'11.
superprotonic CsHSQand (2) the structure proposed by mol %, respectively® Nevertheless, anhydrous sulfuric acid
Jirak, which provides a chemically satisfactory picture of exh2|b|ts_la h|9? electrical conduct|V|tw(25 C) = 1'04. *
regular sulfate tetrahedra undergoing simple reorientations, 10 ~ €' ¢m). The mechanism of proton conduction in
correctly describes the physical reality. A third important Sulfuric acid is nearly identical to that in phase | CSHSO
conclusion is that essentially all of the entropy of the with reorientations of the ionic defects and surrounding H

superprotonic transition is configurational in nature. This SO molecules leading to breaking and re-forming of
implies that vibrational and other types of entropy are ydrogen bonds through which protons are transfetted.
unchanged between the low- and high-temperature phase%’v'th increasing t_empgra_\ture, the concentration of these ionic
of CsHSQ, consistent with observations that the internal d€fects in sulfuric acid increases, but only~d mol % at
vibrational modes of the sulfate group do not change 414 K the temperature of the superprotonic transition of
appreciably across the transition (and hence do not greatIyCSHSQ'
impact proton transport mechanismgy4 Given the similar mechanisms of proton conduction and
It must be emphasized that the formalism presented herecomparable magnitudes of conductivity in liquid sulfuric acid
for the evaluation of the Jirak model of superprotonic and superprotonic CsHSQit is reasonable to assume that
CsHSQ is inappropriate for the evaluation of the Merinov the concentration of ionic defects in phase | CsHS©
and Belushkin models. For these structures, as noted previ-approximately 1 mol % or less. Therefore, we propose that
ously, the number of orientations accounts for the full entropy the conductivity jump at the transition is due to a dramatic
of both models, and hence the application of this formalism increase in thenobility of the protons (due to the reorienta-
is unnecessary. In principle, one could argue that sometions of the sulfate tetrahedra), rather than an increase in
vibrational contribution to the transition entropy is expected theconcentratiorof protonic defects. This interpretation has
in the Merinov and Belushkin structures because of the
distortion that the sulfate groups undergo at high temperature4s) Dunitz, J. D.Nature 1963 197, 860.

according to these models, Table 2. Accounting for the (46) Baranov, A. IBull. Acad. Sci. USSR, Phys. S887 51, 60.
(47) Sharon, M.; Kalia, KJ. Solid State Chenl977, 21, 171.

(48) Greenwood, N. N.; Earnshaw, 8hemistry of the Element8ergamon

Seonfig = RIN(R) = 14.90 I mol ' K™+

(42) Baran, J.; Marchewka, M. Kl. Mol. Struct.2002 614, 133. Press: New York, 1985.
(43) Dmitriev, V. P.; Loshkarev, V. V.; Rabkin, L. M.; Shuvalov, L. A; (49) Flowers, R. H.; Gillespie, R. J.; Robinson, E. A.; Solomons,JC.
Yuzyuk, Yu. I. Saw. Phys. Crystallogr1986 31, 673. Chem. Socl196Q 4327.

(44) Pham-Thi, M.; Colomban, Ph.; Novak, A.; Blinc, R. Raman (50) Gillespie, R. J.; Robinson, E. A.; Solomons,JCChem. Socl96Q
Spectrosc1987 18, 185. 4320.
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also been suggested by rec#tNMR measurement8.That tionally disordered polyhedra, we have extended in this work
the concentration of defects is largely unchanged at thethe approach developed by Pauling to evaluate the residual
transition is furthermore consistent with the similarity of the entropy of ice at 0 K. The disordered phase is assumed to
overall structural features of the phases of Cskh8&ow obey a set of structural rules, analogous to the so-called ice
and above the superprotonic transition. That is, the energeticsules. The formalism developed correctly predicts the entropy
of ionic defect formation are surely dominated by coulombic of the superprotonic transition of CsH$@hus, the analysis
interactions, in turn governed by interatomic distances, which provides strong evidence that the Jirak model of phase |
do not change significantly at the transition. Thus, even the CsHSQ, in which sulfate tetrahedra have regular geometries
0.61 J mot* K™t in configurational entropy that can be and exhibit no crystallographic distinction between oxygen
contributed by an estimated total defect concentration of 1 atoms that participate in hydrogen bonds and those that do
mol % (assuming 0.5% concentrations for botySBA° and not, is the most probable. The likely applicability of this
SO,~% defects) does not add to the entropy of the transition, approach to superprotonic phases with distinct structures
if the concentration of such defects is unchanged as a resulie g., RaH(SeQ),, CsHPQy) but with similarly disordered

of the structural transformation. A Sl|ght|y alternative but hydrogen_bond networks and rotationa”y disordered oxya-
nevertheless consistent interpretation is that the mobility nion group&®54is discussed in detail elsewhefes

increases to such a level that, in effect, all protons patrticipate
in the charge-transport process and that there is no clea
distinction between defects and normal protons or normal
proton sites. This type of perspective is taken by Beluskin,
who has proposed, on the basis of a preliminary reverse
Monte Carlo (RMC) analysis of total neutral diffraction data,
that constant density isosurfaces for deuterium ions in
CsDSQ form a continuous, percolative network throughout
the structuré?

; The entropy formalism developed here, in principle,
forbids the presence of ionic defects. At first glance, this
contradicts the observation of high conductivity in phase |
CsHSQ. A comparison to anhydrous sulfuric acid suggests,
however, that only small concentrations of defects are
necessary to accommodate high proton-transport rates, and
thus, that the jump in conductivity across the superprotonic
transition is due to a sharp increase in proton mobility rather
than a sharp increase in the concentration of ionic defects.
The extremely high mobility can alternatively be interpreted
to imply that all protons participate in charge transport,

The entropy of the superprotonic phase transition in without distinction between defects and normal protons/
CsHSQ has been experimentally re-evaluated and theoreti- proton sites.

cally analyzed. The value, 14.250.22 J mot! K1, cannot
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