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Ab initio molecular dynamics simulations have been carried out for solutions of hydrochloric acid in water,
under ambient conditions, over a wide range of concentrations. For acid-to-water mole ratios of 1:31 and
1:7 the hydrochloric acid molecules readily ionize to form hydrated chloride and hydronium ions. However,
in a typical laboratory strength 1:3.6 solution, the textbook picture of separated solvated ions breaks down
with the formation of a hydrogen-bonded species;-Bi--Cl~. The presence of this species should be
observable in experiment and its detection and characterization could provide a stringent test of the current
ab initio simulation methodology.

1. Introduction of X-rays and neutrons, and spectroscopic probes have con-
firmed the presence of hydronium in hydrochloric acid solutions
and have also established that significant structural changes
occur in the solution with increasing acid concentrafitr®

To further understand the nature of agueous solutions, we
extend earlier work on watéto include theab initio molecular
dynamics simulation of aqueous hydracldsThe present study
is designed to gain some insight into the possible microscopic
mechanisms that might limit acid solubility in water. Our
investigation complements topical and ongoing research into
the ionization of HCI on the surface of ice cryst#ld? In
contrast to the latter works, the present study employs the Car
Parrinello (CP) density functional theory (DFT) based molecular
dynamics (MD) method’ An ab initio approach is helpful
because the dissociation of a water molecule is difficult to model
with empirical potential3® An advantage of the CP-MD
technique is that it is able to describe both the bond-breaking
ionization process and the dynamics of the system in a self-
consistent fashion, subject to the limitation of DFT and the
adiabatic propagation of nuclear degrees of freedoifhe
present article reports the salient results of CP-MD simulations
carried out for solutions of DCI in heavy water D) with acid-
. . to-water mole ratios 1:31, 1:7, and 1:3.6. These particular values
be tes_ted by anew generation of complementary SPeCtroscopiGyere chosen to be close to those employed in previous
and (.1|ffrz.act|or! exper iments. , , experimental studie¥16 The 1:3.6 system is near the satura-

Acid dissociation is one of the simplest and most important 4. limit for aqueous solutiod?
solvation reactions. One of the guiding chemical principles,
found in standard texts, is that a strong acid such as H&d (b 2. Technical Details
= —7) readily dissociates in dilute aqueous solution to form . . .
hydrated chloride and hydronium ions, whereas, under the same At _the start of the CP-MD calculations, the simulation systems
conditions, a weak acid such as HK(p= 3) barely ionized? 2 consist of solute DCl and solvent,0 molecules. The
These expectations have been borne out by numerous ingeniou§CMputational details are very similar to those employed in

experimental studies spanning more than a cerfA§.How- earlier CP-MD calculations (see, for example, refs 7 and 17).
ever, the behavior of the hydracids @oncentratedaqueous The valence electronic wave functions are developed in plane

solutions is somewhat less clear. For example, water has On|ywaves, and their interactions with nuclei and the core electrons
a very limited solubility in concentrated HCI, but the solubility &re described using ultrasoft pseudopotentiglShe psudo-

of HCI in water saturates at around 40 wt%%6.Indeed, the potentials were Vandebilt type, and the cutoffs were 1.4 au for
HCl/water system is recognized as a classic nonideal liquid ©*Y9€" 0.7 au for hydrogen, and 1.5 au for Cl. The exchange-

mixture23 Powerful physical techniques, such as the diffraction cOrrelation was the LDA form parametrized by Perdew and
Zunger?? and the gradient-corrected exchange term is taken
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In the last few years, the development of poweghlinitio
simulation algorithm’s and their implementation on parallel
computers has lead to important insights into the behavior of
condensed phase systems. Thabeinitio simulation tech-
nigues, based on density functional theory, have already had
great success when applied to the study of covalently bonded
atomic solids and liquids' and molecular systems such as
hydrogen-bonded ice and wafer. The technique has been
used to study surface chemical reactfohand, more recently,
ultradense high-temperature solid hydrog&nThe great ad-
vantage of amb initio approach to condensed phase simulations
is that it obviates the need for empirical interatomic potential
functions. Herein, we report an application of tak initio
molecular dynamics methodology to a problem in “wet chem-
istry”; namely, we explore the nature of hydrochloric acid, one
of the most common reagents found in any chemistry laboratory.
Anticipating our results, we will see that, in addition to hydrated
chloride and hydronium ions, which are present in dilute
solutions, reagent strength hydrochloric acid is found to contain
the bifluoride-like associated ionic species;-El---Cl~. The
predictions of oumb initio results on hydrochloric acid could
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Figure 1. Snapshots of thab initio CP-MD simulations. (A) A dilute (mole ratio 1:31) solution of DCI in,® showing hydrated chloride ion
(blue) with four DO ligands and hydronium §@* (O red and D gray). Hydrogen bonds are shown as green lines. (B) A concentrated (mole ratio
1:3.6) solution. The large and small blue, red, and gray spheres are Cl, O, and D atoms, respectively. The bichiddideCIC] species are
shown with enlarged Cl and D radii.

of the behavior of concentrated solutions than, for example, a= 1.1 au. Ink-space, the cutoff is the same as used for the
cluster calculation. For the Ewald summationrispace, the  density, namelyk?? < 96 Ry. We have replaced all of the
Gaussians employed (expfr/rc]?) were very narrow withre hydrogen atoms in the periodic MD cell with deuterium so that
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Figure 2. Evolution with time of the C+D distanced, and Cl coordination numbeN, for the [CD---Cl~] species. (A) The species exhibiting
proton migration at = 2.6, 4.6, and 5.8 ps. (B) The species that shows fluctuations but does not show an actual proton jump. The curves are
running averages, with 60 fs averaging, of the actual CP-MD data.

the simulation actually refers to DCI in,D. This has the gas phas® and in matrix isolatior?* and its structure has been
advantage that we can use a larger time step (0.145 fs) forpredicted byab initio method<’® but as far as we are aware, it
integrating the equations of motion. has not been reported heretofore in solution.

The CP-MD runs started from an equilibrated 32 molecule  |n the dilute solutions (Figure 1A), the chloride ion has a
liquid water configuratio#’ in which either one, four, or seven  coordination number that fluctuates between 4 and 5, where
of the water molecules were replaced by DCI molecules and, the coordination number is determined here by counting the
simultaneously, the MD box was dilated to yield the desired number of “bonds” with a B-Cl distance shorter than 2.90 A.
density of the solutioA® Although the DCI positions were  However, in the most concentrated solution, such a high
chosen to maximize €ICl distances, in the most concentrated coordination number is only possible if the hydrated @ins
solution there was actually one -€D---Cl—D near-neighbor  share solvation sheath water molecules (Figure 1B). Another
pair (solute dimer) in the initial configuration. The starting possibilityis the formation of Ct—CI~ contact-ion pairs, with
CI-D distances were set to the gas-phase value (1.27 A). Aty common water solvation sheath. Although this latter sug-
the begining of the CP-MD calculation the system temperature gestion would seem to be electrostatically unfavorable, such
intially increases. It was then gradually cooled over a time jon-pairing structures have been reported in classical MD
period of about 1 ps (i.e. 7000 time steps) to the desired value, simylations based on empirical potential functfresd possibly

which in the present case was 320 K. The CP-MD results geen in neutron diffraction studies of concentrated LiCl solu-
discussed herein were obtained from subsequent trajectories ofjons27 However, in the present CP-MD simulations, no €l

10 ps for the most concentrated solution and 4 ps each for thec|- contact-ion pairs were observed.

other two runs. In the concentrated solution, Cions participating in the

bichloride-like C-D---Cl~ complex can be regarded as being
surrounded by a hydration sphere that includes an undissociated

In all of the simulations the DCI molecules typically DCI molecule. This view is supported by a more detailed
dissociated to form Cland hydronium, BO™, ions (Figure 1A). analysis of the solvent structure. The coordination number of
However, in the case of the most concentrated solution (Figure the CI™ ion in the complex is~4, which is similar to the other
1B), not all of the DCI molecules in the simulation system CI~ions in the system, whereas the Cl in the undissociated DCI
ionized during the CP-MD run. Indeed, two DCI molecules molecule has a significantly lower coordination number, typi-
remained intact at the end of the 10 ps run and formed hydrogen-cally between 1 and 2; see Figure 1B and Figure 2. In principle,
bonded CI-D---Cl~ species, analogous to a hydrated bifluoride the proton in the hydrated bichloride species-Ot--CI~ can
ion! One of these complexes began as al1-+Cl—D dimer migrate from one Cl to the other without causing dissociation
in the initial configuration of the simulation and persisted after of the bound complex; i.e. €ID+:-Cl~ < Cl|~+-:DCI. We have
ionization of one of the DCI molecules. The other complex observed such jumps and verified that they are indeed correlated
formed spontaneously from initially well separated DCI mol- with variations in the coordination numbers of the Cl atoms
ecules and stayed as such for the remainder of the run. The(see Figure 2). Analysis of the electronic density also confirms
anion CHD---Cl~ species is known; it has been studied in the the ionicity change.

3. Results and Discussion
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Figure 3. Radial distribution functions (RDFs) for the concentrated Figure 4. Comparison between the CP-MD X-ray (A) and neutron

solution calculated from the last 8 ps of the simulation. (A)-Cl, (B) RDFs,Gn4R), and the measurements of ref 14. H&Eg«(R) =
ClI~-—Cl, CI(DCI)—Cl, and (B) CF0O, CI-—0, CI(DCI)—0O. The total Yccbiby gi(R/X cicbib;, where,g;(R) is the atom-atom RDF,c; the
CI—CI RDF is drawn with a bold solid line, C+Cl, as a thin solid concentration of specigs andb; the relative value of the X-ray or
line, and CI(DCI}-Cl, as a thin dashed line. The latter two have been neutron scattering length,o = 10.0,bxci = 18.0,bxp = 0.0 andbno
scaled by a factor of 1/3. Similarly, the total-@D RDF is drawn with = 0.58,byc = 0.96,b,p = 0.667, respectively.

a bold solid line, Ct—0, as a thin solid line, and CI(DCHO, as a
thin dashed line. The latter two RDFs have also been scaled by a factor;, Figure 4A). The solvent O(ED)—O(D,0) first peak occurs
of 1/3. at~2.7 A, as expected for the model.

In the most concentrated solution studied herein, theGZI
RDF (Figure 3) has a first peak at 3.2 A (Figure 3A), which is
related to the bichloride species, plus a broad peak between

The sensitivity of the CtD---Cl~ structure to the local
environment likely also explains its apparent stability. If we
link th_e di_ssociation SRR V.V?th the formation of a higher 3.8 and 4.8 A arising from the CCI~ interactions. Typically,
goordlnatlon §tate of Cl, the stability of the hydrated bichloride- CI- ions form CF—HsO*—CI- clusters, with GO distances
like comp!ex_ls enhanced by the fact that even thqugh the DCI of ~3 A (Figure 3B) and a GtO—CI angle of~9C°. This
molecule ionizes, the structure of the complex is still preserved.
Dissociation will likely happen only wheboth of the chlorine
atoms in the complex become fully (four) coordinated. Un-
fortunately, due 'Fo_t_he short dur_atlon_of the M.D run, we cannot gimlations is that no CCI- contact-ion pairs formed during
rule out the possibility that the bichloride species wikntually the simulation. For aqueous LiCl and NiGhe ion—ion RDFs
dissociate. However, as evidence for the likely stability of this 56 been measuréd. The reported GFCI RDFs suggest anion
complex, we note that we did actually observe the spontaneous,iring in the former case but not the latter. Also, in a recent
formation of one of the CtD-+-CI~ complexes during the MD ¢,y of the more dilute system LiCl:68, the CI ions were
run. Thus, taken at face value, the simulation suggests thatreported to be completely solvated and no evidence was
hydrated bichloride-like species should exist in a concentrated presented concerning GHCI- ion pairs2® The experimental
solution?? values reported in refs 27 and 28 for the coordination number

We have used atomic radial distribution functions (RDFs) to of the chlorine in LiCl were~5.3 and~5.8, respectively, which
explore, more quantitatively, the structure of the solut®ns. compare to the average value o#.6 calculated here from
The RDFs (see Figure 3 and Figure 4) confirm that the saturatedconsideration of the GID coordination and~5.1 from the
solution is really a multicomponent mixture of water,(D), CI—-0 in the concentrated solution.
chloride (CI), hydrated hydronium (as in ref 7, we observe At high concentration the experimental X-ray RDF (the
both D;O* and D;O,* structures), and bichloride (ED-+-Cl7), dashed line in Figure 4A) shows a small peak at 2.52 A,
with distinct coordination numbers for atoms associated with identified as due to hydronium (€0), and a peak at 3.13 A,
the different species. The calculated hydronium g§f)— which has been attributed to-€0 (see Figure 3B} Accord-
O(D;0) RDF has a sharp first peak at 2.5 A, which is in ing to our simulations, the latter peak might well be interpreted
excellent accord with the diffraction data (see the dashed line as a combination of the first C+O hydration peak (recall

finding is in good qualitative agreement with the structural
features present in the trihydrate crysfalOne conclusion to
emerge from the RDF structural analysis of the CP-MD
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Figure 3B) plus the CI(DCH-Cl bichloride peak. The neutron
RDF dat&* show two new peaks at high concentration, one at
1.6 A and the other at 2.1 A (the dashed line in Figure 4B).
The latter is likely related to Gi-D interactions from chloride
hydration, but if this is the only contribution, then its measured

aqueous systems before publication and Kechuan Tu and Preston
Moore for useful discussions. This research was supported by
the National Science Foundation under Grant CHE 96-23017
and benefited, in part, from facilities provided under DMR 91-
20668. Some of the calculations were conducted with allocation

peak height shouléhcreasewith acid concentration, which it
does not* The reported relative constancy of this peak height,

MCA 93 S020 on the IBM SP2 parallel machine at the Cornell
Theory Center.

as the acid concentration increases, could perhaps be explained
by increasing amounts of undissociated HCI and a reduction in References and Notes

the Cl-ion coordination number (from, say5 to ~4). The
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4. Conclusion

The presentab initio MD simulations confirm that for

aqueous hydrochloric acid the conventional picture of solvated

chloride and hydronium is obtained at mole ratios of acid-to-
water of 1:31 and 1:7. However, according to our calculation,

(1) Car, R.; Parrinello, MPhys. Re. Lett. 1985 55, 2471.

(2) Clarke, L. C.; Stich, I.; Payne, M. ©Comput. Phys. Commuh992
72, 14.

(3) Sugino, O.; Car, RPhys. Re. Lett. 1995 74, 1823.

(4) Sarnthein, J.; Pasquarello, A.; Car, Fys. Re. Lett. 1995 74,

2.

(5) Lee, C.; Vanderbilt, D.; Laasonen, K.; Car, R.; Parrinello Rlys.
Rev. Lett. 1992 69, 462; Phys. Re. B 1993 47, 10142.

(6) Laasonen, K.; Sprik, M.; Parrinello, M.; Car, B. Chem. Phys.
1993 99, 9080.

(7) Tuckerman, M.; Laasonen, K.; Sprik, M.; Parrinello, 81.Phys.
Chem.1995 99, 5749. Sprik, M.; Hutter, J.; Parrinello, M. Chem. Phys.
1996 105 1142.

(8) DeVita, A.; Stich, I.; Gillan, M. J.; Payne, M. C.; Clarke, L. C.
Phys. Re. Lett. 1993,71, 1276.

(9) Langel, W.; Parrinello, MJ. Chem. Phys1995,103 3240.

(10) Alavi, A.; Parrinello, M.; Frenkel, DSciencel995,269, 1252.

(11) Gillespie, R. J.; Humphreys, D. A.; Baird, N. C.; Robinson, E. A.
Chemistry;Allyn and Bacon: New York, 1986; p 480.

(12) Oxtoby, D. W.; Nachtrieb, N. HModern Chemistry Saunders:
New York, 1990; p 205.

(13) Rupert, F. FJ. Am. Chem. So&909,31, 851. See also: Rowlinson,
J. S.; Swinton, F. LLiquids and Liquid MixturesButterworths: London,
1982; p 210.

(14) Triolo, R.; Narten, A. HJ. Chem. Phys1975,63, 3624.

(15) Giguere, P. A;; Turrell, SI. Am. Chem. S0d.980,102 5473.
(16) Walrafen, G. E.; Chu, Y. C.; Carlon, H. R. Rroton Transfer in
Hydrogen-Bonded SystepBountis, T., Ed.; Plenum Press: New York,

1992; pp 297311
(17) Laasonen, K.; Klein, M. LJ. Am. Chem. S0d.994 116, 11640;

there is likely to be undissociated, but complexed, HCI present ;| Phys 1996, 88, 135.

in more concentrated solutions of aqueous HCI. Thus, in a

bottle of reagent grade HCI some of the acid molecules will
likely be undissociated; they are stabilized by participating in
the first coordination shell of hydrated Gions, thereby forming

a hydrated bichloride-like species-€---Cl~. To date the
available experimental ddta® have been interpreted without
invoking the presence of the €D---Cl~ species. The experi-
mental situation is sufficiently unclear that a new generation of

diffraction experiments, focused on aqueous hydracids, would

seem to be worthwhile.
using neutron diffraction with isotopic substitutiéh. If our
prediction is valid, the signal arising from €D---Cl~ should

be quite clear in the diffraction data. New spectroscbgit
and NMR studies should also give valuable additional informa-

tion on this species, which has already been studied in matrix

isolation and in the gas pha%?*

Acknowledgment. We thank Michele Parrinello and Michiel
Sprik for sharing with us details of their related studies on

(18) Robinson, S. H.; Clary, D. Q. Chem. Soc., Faraday Trark995,
100, 309.

(19) Gertner, B. J.; Hynes, J. Bciencel996 271, 1563. Clary, D. C.
Ibid. 1996 271, 1509. Ando, K.; Hynes, J. T. Mol. Lig. 1995 64, 25.
(20) stillinger, F. H.; David, C. WJ. Chem. Physl978 69, 1473.

(21) Vvanderbilt, D.Phys. Re. B 1990,41, 7892.

(22) Perdew, J.; Zunger, Rhys. Re. B 1981 23, 5048. Becke, A. D.
J. Chem. Phys1992 96, 2155.

(23) Metz, R. B.; Kitsoploulos, T.; Weaver, A.; Newmark, D. Nl
Chem. Phys1988,88, 1463.

(24) Wight, C. A.; Ault, B. S.; Andrews, LJ. Chem. Phys197§ 65,

Individual RDFs can now be measured 1244.

(25) Almlof, J.J. Mol. Struct.1981 85, 179.

(26) Smith, D. E.; Dang, L. XJ. Chem. Phys1994 100, 3757.

(27) Neilson, G. W.; Broadbent, R. D.; Howell, I.; Tromp, R.HChem.
Soc., Faraday Trans993 89, 2927. Tromp, R. H.; Neilson, G. W.; Soper,
A. K. J. Chem. Phys1992,96, 8460.

(28) Yamagami, M.; Wakita, H.; Yamaguchi, J. Chem. Phys1995,
103 8174.

(29) In the gas phase, Chinds HCI more strongly than4®: Larson,
J. W.; McMahon, T. BJ. Am. Chem. Sod.984 106, 517.

(30) Lundgren, J.-O.; Olovsson, Acta. Crystallogr.1967 23, 971.
Yoon, Y. K.; Carpenter, G. Blbid. 1959 12, 17.



