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A novel method has been developed to allow the accurate determination of equilibrium gas-phase structures
from experimental data, thus allowing direct comparison with theory. This new method is illustrated through
the example of sodium chloride vapor at 943 K. Using this approach the equilibrium structures of the monomer
(NaCl) and the dimer (N£I,), together with the fraction of vapor existing as dimer, have been determined

by gas-phase electron diffraction supplemented with data from microwave spectroscopy and ab initio
calculations. Root-mean-square amplitudes of vibratignafd distance corrections,(— re) have been
calculated explicitly from the ab initio potential-energy surfaces corresponding to the vibrational modes of
the monomer and dimer. Theseand ¢, — re) values essentially include all of the effects associated with
large-amplitude modes of vibration and anharmonicity; using them we have been able to relathstiaaces

from a gas-phase electron diffraction experiment directly torthdistances from ab initio calculations.
Vibrational amplitudes and distance corrections are compared with those obtained by previous methods using
both purely harmonic force fields and those including cubic anharmonic contributions, and the differences
are discussed. The gas-phase equilibrium structural parametargNae Cl)monomer= 236.0794(4) pmre-
(Na—Cl)gimer = 253.4(9) pm; andJ,CINaCl = 102.7(11j. These results are found to be in good agreement
with high-level ab initio calculations and are substantially more precise than those obtained in previous structural
studies.

Introduction with structures corresponding to minima on that surface. These

. o are termed equilibrium structuresg and correspond to the
Knowledge of molecular structure is of vital importance to 1 siecular geometry in theoretical vibrationless states.

the understanding of chemical properties. Experimental and . .
9 prop P For comparison with most computed structures, gas-phase

theoretical methods can independently provide significant . . .
b y b g structures are of particular value, as it is only in the gas phase

insights into structure, but much more can be gained when the .
1that molecules are free from intermolecular forces that may

two are used together. Techniques, developed in Edinburgh, that . . .
allow this, such as SARACEN® and DYNAMITE# have distort their structures. The structures of these isolated molecules

can then be compared directly with theory, assuming that
vibrational motion can be accounted for. With the increased
use of computational techniques in all areas of chemistry,
computed structures play a vital role both in supplementing,
comparison with experimental results. However, where high and fc_>r compari_son With’ expgrimental data. At present_, with
accuracy is required, there is a fundamental flaw when making F“?‘te.”a's and biological chemistry at th? forefront of sclence,
these comparisons: the definitions of structures obtained It IS important to note that the parametrization of force fields
experimentally and by theory are inherently different. used in molecular mechanics modeling programs is largely
. . . derived from experimental gas-phase structures. Gas-phase
To determine molecular structures accurately it is essential - .
to define precisely the meanings of the geometrical parametersexpe”mental stru_ctures that can be related directly to theory
that are obtained. For example, X-ray diffraction (XRD) gives are therefore of V|tal_|mportance to the further development of
the position of the center of electron density for each atom, computatlonal chemistry. )
whereas neutron diffraction, electron diffraction, rotational ~ Microwave spectroscopy can provide very accurate geo-
Spectroscopy, and NMR Spectroscopy all give nuclear positions_ metrical and vibrational information and therefore erIdS very
Additionally, molecular vibrations can cause substantial differ- Precise equilibrium structures using techniques such as the
ences between internuclear distances determined by differentMORBID method>6 However, the applicability of microwave
methods. In contrast, computational methods provide informa- Spectroscopy is normally restricted to molecules with a perma-
tion about the multidimensional potential-energy surface (PES), nent dipole moment, and often many isotopomers must be
studied. Although other experimental techniques can give
T University of Edinburgh. rotational constants, they are often substantially less precise.
*Pomona College. To obtain equilibrium structures for a much wider range of
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enabled accurate structural determinations that could not be
carried out using experimental data alone.

Computational methods are now widely employed, often by
non-experts, in all areas of chemistry, to give data for
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molecules, gas-phase electron diffraction (GED) is the techniquevibrational modes, so it is straightforward to see the effects of
of choice. However, this increase in the number of systems thatour method of analysis.
can be studied comes at a price: GED does not provide the Sodium chloride is the classic example of ionic bonding, and
same accurate vibrational information that can be extracted fromaccurate structures can provide a critical test for various models
microwave spectroscopy, making the determination of equilib- resulting in better understanding of this type of bonding.
rium structures much more difficult. Traditional methods involve Moreover, the dimer is the first step from monomers to larger
using a harmonic force field derived from either theory or clusters. lonic modeld have often been used to study these
experiment to provide corrections for vibrational motion, which transitional structures. Examples of more recent work in this
are then applied to the experimental structure. Unfortunately, area include an electron-diffraction study of specific Csl
these corrections can sometimes introduce errors larger thanclusterst* work on the dynamic isomerization of small cesium
those they are designed to correct, because the effects of botthalide cluster anion®, and the observation and manipulation
anharmonicity and large-amplitude vibrations are not normally of NaCl chains on a copper surfate.
included. The determination of the structure of sodium chloride vapor
There are three fundamental problems associated with by GED dates back as far as 1984vhen it was studied by
calculating vibrational correction terms using the current ap- heating salt to around 1000 K. As a consequence of the visual
proach: (1) extrapolation of information that relates solely to analysis methods in use at the time, only the predominant and
the bottom of the potential-energy well, which is especially €xpected monomer species was detected. It was not until the
relevant for systems involving large-amplitude modes of vibra- 1950s that the existence of associated species such as dimers
tion; (2) nonlinear motion of atoms; and (3) effects arising from (N&Cl,) were discovered using mass spectrométiylicrowave
anharmonicity. spectroscopy has provided detailed information on the structure
A more realistic description of the nonlinear motions of atoms of the mof‘ome*fw.b“t the lack O.f a permanent dipole moment
can be obtained by using curvilinear correctiéfisis opposed makes th's |mpos§|ple for the dimer. ]
to the traditional rectilinear modeling of atomic motidH. Experimental difficulties made accurate study of the dimer
Although an improvement, this approach remains reliant on a Very demandlng_, and so it was not untl_l 1985 that its structure
harmonic force field computed at the equilibrium geometry and could be det.ermlned by electron diffracti&tiNevertheless, this
will inaccurately describe large-amplitude modes and modes study was hindered by the fact that almost all of the parameters
involving unusual motions such as restricted torsions. are strongly correlated. The monomer and dimer bonded
Problems associated with anharmonic effects can be tackleddIStances are §|m|Iar and cannot _eaS|I_y be_resolved_, because of
by the computation of anharmonic force fieldsyhich include the large amplltude. of the spretchlng V|bra.t|on5 at high temper-
y P . elasynict . ature. The proportion of dimer present in the vapor is also
higher-order ‘e.”‘_‘s than those in harmanic forpe flelds_, _to_ give strongly correlated to these distance parameters. Since the first
a better_ _de_scrlptlon of the shape of the PE_S in the vicinity of publication of the results of this study, there has been much
the equilibrium structure. Software that can include some form

f cubi h icity in vibrational tion t has b progress in the treatment of vibrational effects in electron
of cubic anfiarmonicity In vibrational correction terms has DEEN g otion, Although current techniques provide a significant
developed? However, methods giving a full anharmonic

improvement on previous methods, the floppy nature of the

treatment are still far from routine. In addition, these methods yimer jljustrates the limitations of these methods in capturing
continue to rely on the extrapolation of information determined o viprational behavior correctly and thus to derive the

from the equilibrium position and thus remain inadequate for ¢qyiliprium structure. These problems result from the high

large-amplitude modes of vibration. degree of anharmonicity in the vibrational modes as well as
Our novel approach, EXPeriments Resulting in Equilibrium  from the large-amplitude mode of vibration combined with the

StructureS (EXPRESS) accounts for all three of these problemssignificant population of higher vibrational states. By using our

simultaneously, by exploring a much more extensive region of much-improved vibrational correction terms, introducing highly

the PES, specifically along internal coordinates relating to the accurate data obtained by microwave spectroscopy to restrain

vibrational modes of the molecule. This allows the single-step the monomer distance using the STRADIVARIUS me#i@ohd

computation of vibrational corrections relating the vibrationally applying flexible restraints to amplitudes that prove problematic

averaged GED distances)(to equilibrium distancesr§); the to refine using the SARACEN methdd? the problems of

result is an equilibrium structure determined directly from previous studies have been overcome.

experimental data. The alkali halide dimers, present in the vapor

phase, provide excellent test cases for this procedure: they arerheory

simple, floppy molecules that contain low-frequency modes of

vibration that are both anharmonic and of large amplitude. Definition of Vibrational Correction Terms. The diffraction
Sodium Chloride. Sodium chloride was chosen as the test _equati_o_ns goyerning e_IecFron scattering relate the sca_lttering

case for the EXPRESS method. The vapor contains both intensities to interatomic distances. Consequently, the distance

monomer and dimer species at the temperatures required for‘Obtalined directly f“’m elgctron diffraptioma][ is defined by eq
electron diffraction. The use of very high temperatures (ap- 1, where the averaging is over all vibrational modes.
proximately 1000 K) results in vibrational corrections being g

relatively large and thus very important for accurate structure =00 1)
determination. The dimer has low-frequency modes of vibration,

and so high vibrational states are highly populated at these Traditionally, the approach by which we can relate these
temperatures. In particular, it has a low-frequency, large- averaged structuresy), obtained from electron diffraction, to
amplitude bending vibration that is inadequately modeled by equilibrium structuresrf), calculated from theoretical methods,
current methods. Furthermore, it is particularly convenient that proceeds as follows. First, the inverted averaged inverse
the six modes of vibration are of five different symmetry species; distancef,, can be related to the thermally averaged distance,
this limits the degree of coupling between the different rq, by eq 2,
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2 cl2)
rg=ml=r,+ o (2)

e

where theu term is the root-mean-square (RMS) amplitude of
vibration for the atom pair. This correction is relatively small
and so the fact thate is used in the correction term is not

significant, and in practice, is often used in its place.

The distance between average nuclear positions in the ground
vibration state whefm = 0 K (r,°) can be derived fromg by
accounting for motion of the atoms perpendicular to the
interatomic vector, which can cause apparent shortening or
lengthening of interatomic distances. These motions generally
contribute to the overall shortening of nonbonded distances,
which is known in electron diffraction as the “shrinkage * Cl(4)
effect”472% This is achieved by the subtraction of a further rigyre 1. Structure of the NeCl, dimer.
correction termk, and also an anharmonic teriy, — Ao, which

is difficult to evaluate. and is implemented in the program ASYM? Treating mo-
lecular vibrations using rectilinear motions assumes implicitly
rmO =rg—k=(Ar— Ay ) that the motion simply follows the original displacements

calculated at equilibrium, no matter how great the amplitude
Typically thek term is generated in the harmonic approximation, of vibration. This is a convenient way to model very small-
and the anharmonic term is usually small and is often ignored. amplitude modes of vibration, but a moment’s consideration of
Distances derived this way are labeled, where h implies a  the bending motion of a linear triatomic molecule serves to
harmonic correction and indicates the level of the correction illustrate that this approach can be seriously inaccurate. The
term, that is, O indicates a zeroth-order correction, 1 indicates next level of approximationrg,), as realized in the SHRINK
a first-order correction, and so forth. It is important to note at program?’-8 provides a better (curvilinear) description of mo-
this point that the parameteg® has a fundamental, precisely lecular motion, but many large-amplitude vibrations are still
defined physical meaning (the distance between average nucleanot described accurately. As a result, kerrection terms can
positions wherm = 0 K) and that experimental distances quoted often be very inaccurate and can sometimes introduce errors
asr,0 are usually approximations to it, and in most cases are in larger than those that they are trying to correct! Furthermore,

fact rpo distances. It is also important to note thaf is anharmonic effects are not included in either of these approaches
equivalent ta; obtained from rotational constants; they are just because the correction terms are generated using harmonic force
obtained by different methods. fields. However, SHRINK can provide an estimate of cubic
The remaining difference betweeg® andr. depends on a  anharmonic effects from either tabulated constants for the two
further anharmonic term, as shown in eq 4. atoms or, more accurately, using third derivatives of the energy.
re=r—A (4) Method and Experiment

) _ _ » Theoretical Calculations. Extensive series of calculations
The anharmonic terms in the above equa“ons are difficult to were performed on both the monomer and the dimer to assess
evaluate accurately, but to assess their magnitude pairs of atomshe effect of computational method and basis set on the structural
are often treated as diatomic molecules using a Morse potenual.parameters and to provide the most accurate equ|||br|um

In this case, the cubic anharmonic terfa.f) is given by €5, structure possible for comparison with experimental results. The
where &z is the Morse anharmonic constant andis the  yast majority of calculations were performed on a 12-processor
amplitude of vibration. Approximate values fé andAo are Parallel Quantum Solutions (PQS) workstation running the
thus obtained from the amplitude of vibration at the temperature Ggussian 03 suite of prograffsMaller—Plesset (MPZ2§—34

of the experimentuy) and at 0 K (o), respectively. and coupled cluster [CCSD(P§j4! calculations with basis sets

5 larger than triple were performed using the resources of the
~ 3agu(T) EPSRC National Service for Computational Chemistry Soft-
- 2 ®) ware* on a cluster of 22 dual Opteron compute servers. Each
Opteron compute machine has two 2.4 GHz Opteron 250 CPUs
In all cases distortion of the structure resulting from rotation and 8 GB of memory. These are connected with a high-speed,
must also be taken into account. This can be accounted for bylow-latency Myrinet network. For all of the calculations the
subtraction of a further correction term arising from the convergence criteria were tightened to 1.236 pN, 0.741 pN,
centrifugal distortion §r), which is usually relatively small. 3.175 fm, and 2.117 fm for the maximum force, RMS force,
The required distance correction terms mentioned above aremaximum displacement, and RMS displacement, respectively.
routinely calculated from a harmonic force field hence, and This was to ensure consistency between the energies of
anharmonic effects are neglected. This may be obtained fromequilibrium structures and those calculated using the modes of
experimental vibrational frequencies and other data, computedvibration.
ab initio, or based on force constants from similar molecules.  Calculation of Vibrational Correction Terms. For the
In these cases thecorrection term proves the most cumbersome purposes of this study, theaxis was defined to be through the
to compute. At the zeroth level of approximation (givingna center of the dimer, perpendicular to the plane of the molecule,
structure), it is assumed that the atomic motions are describedand thex-axis through the two metal atoms (as shown in Figure
by rectilinear paths, that is, atomic displacements from equi- 1). This allows the symmetry species of the modes of vibration
librium are in straight lines. This is described by Wilson e¥’al.  to remain consistent for all the alkali halides, allowing for any
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More values were taken around the equilibrium position as these
have a higher probability of occupation.

For each mode, the structure was then re-optimized at the
MP2(full)/6-311+G(d) level with the one selected geometrical
parameter 4) fixed at the values chosen in the previous step,
while allowing all the other parameters to relax. Energies and
atomic coordinates were recorded for each optimization. In this
way we produced one-dimensional (1D) slices through the
multidimensional PES, corresponding to the minimum potential-

(a) (b) energy path for each particular vibrational mode.

1 For each 1D PES slice, the calculated energy was fitted using
an appropriate function of the internal coordinate (a Morse
potential, or a harmonic, or higher-order polynomial as required).
The variation of the interatomic distancep),(Na—Cl, Na-*

— Na, and Ci--Cl, corresponding to the 1D PES slice, were then
| | also fitted to similar analytical expressions.
— Contributions from each of the modes () to termsu;, (ra
— To)ij, (ra — rg)ij, and so forth, were then calculated by
(© (d) integration, using the Boltzmann distribution to give populations
over the occupied energy range at the temperature of the
| experiment, in accord with eqs 6 and 7,
2 1/2
i =
| | [Py or
-1 -1
© 0 oS Pm o
Figure 2. Vibrational modes of the N&I, dimer. Stretching modes (ra - rQij - ~ Teji (7)
(@) Ag, (b) Brg, (¢) Ba, and (d) By; bending modes () fand (f) By, JP(r) or
TABLE 1: Parameters Used To Model Vibrational Modest where
internal
coordinate _ -
mode fixed parameter (p) P(r) = eXF(k_E)
Monomer ) ] o )
Ajstretch  stretch r r(Na—Cl) Contributions from the individual modes were then combined
Dimer to give the overall vibrational correction terms, using the scheme
Agstretch  symmetric stretch rq (=r, =r3=r4) r(Na—Cl) given in egs 8 and 9.

Bigstretch asymmetric stretchry (=rs) —ra (=rs)  r[X(1)—X(2)]
B, stretch  asymmetric stretchry (=rs) —r3(=r2)  r[X(1)—X(2)] n
Baustretch asymmetric stretchry (=r2) —ra (=r3)  r[X(1)—X(2)] u = (Y (W 2)1/2 (8)
Agbend in-plane bend 01 (=03) — 02 (=04) O(Na—Cl—Na) I Z I
B1,bend out-of-plane bend  4-membered ring r[X(1)—X(2)] m=
pucker

n
a For the definitions of the parameters see Figure 1. (ra— rQij = Z(ra_ rQLn 9)
=

future comparisons. The monomer species (NaCl) has one mode

of vibration of A; symmetry and the dimer (M@l,) has six The experimental data utilized in this study were obtained at
modes of vibration, of five different symmetry species 42A 943 K, which corresponds to a thermal energy of 7.84 kJfol
Big + Biy + Bauy + Baw. The natures of the vibrational modes For this system only one internal coordinate was chosen to
for the dimer are illustrated in Figure 2. The RMS amplitudes represent each mode of vibration (i.e., we explored only a 1D

of vibration () and explicit distance corrections, (- re) were potential-energy curve). For more complex systems with
calculated using the EXPRESS method as detailed below.  multiple, coupled large-amplitude or very anharmonic vibra-
A harmonic force field computed at the MP2(full)/6-3&®- tional modes, it may be necessary to perform the analysis on

(d)*3-46 |evel, including electron correlation for all electrons, multidimensional PESs.

was used to generate atomic displacements in the first ap- The modeling parameter (internal coordinate) was chosen to
proximation. Although a low-level force field could be used, be independent of all the other vibrational coordinates. To model
as it is simply required to provide a rough description of the each of the modes accurately, all of the remaining parameters
modes, a higher-level force field was used in this case. This were relaxed, thus producing the minimum 1D PES slice
enabled distance corrections calculated from it (using traditional corresponding to the vibrational motion on the multidimensional
methods) to be compared with those obtained by our EXPRESSPES. The parameters chosen to represent each of the vibrational
method. modes are shown in Table 1. For the monomer and for the

An internal coordinated) was then chosen to represent each symmetric stretch of the dimer, the chosen parameiew@s

mode of vibration. These are listed in Table 1. Values of the simply the bonded distance and was contracted and expanded
chosen internal coordinate were then selected to represent thas in the scheme previously defined. To aid the modeling of
range of vibration, with energies ranging up to at least 5 kT. the other vibrational modes of the dimer, two dummy atoms
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and the least-squares refinements were then carried out using
theed@edstructural refinement prograthusing the scattering
factors of Ross et &P

Results and Discussion

Theoretical Calculations: Equilibrium Geometry. There
are many examples of ab initio and density functional theory
(DFT) studies of sodium chloride in the literate54 It seems
that there is great difficulty in reproducing the highly accurate
experimental equilibrium structure for the monomer obtained
by microwave spectroscopy. One of the main problems involves
the electron-correlation method. As a result of unfavorable
scaling of electron-correlation schemes, it is usually the case
that electrons are partitioned into inner-shell core electrons and
“chemically relevant” valence electrons. Unfortunately, the
electronic configuration of sodium (3s22p°3sh) dictates that
standard electron-correlation schemes (using a frozen-core
methodology) would only include correlation for the single 3s
electron. This approach is clearly inappropriate, especially in a
highly ionic system such as sodium chloride.

An extensive range of calculations was performed at various
levels of theory and with different basis sets to gauge their effect
on the structures of the monomer and dimer species. Thus, we

y were able to determine a method and basis set that could be

b) used to model the vibrational modes while keeping the

. . N ) computational cost at a reasonable level. High-level theory
Z:]gdur(i)se.l szzzme for modeling vibrational modes:  (aj); Btretch calculations were also performed to try to obtain the best

possible description of the monomer and dimer for comparison

[X(1) and X(2)] were defined, originating midway between Na- with experimental results...TgbIe 2 gives results from various
(1)---Na(3) and CI(2)--Cl(4), respectively, as shown in Figure calculations of the_ equilibrium str_ucturereX_ of both the
1. For the By symmetric stretch, the atoms Na(1) and CI(2) monomer and the dimer together with prominent results from
were attached to dummy atom X(1), and Na(3) and CI(4) were the literature.
attached to dummy atom X(2). The distance between the two The results using the 6-3315(d) basis set show a shortening
dummy atoms was then varied a|0ng the kre -y, as shown of the Na—Cl distance for both the monomer and the dimer
in Figure 3a. Thus the individual bond lengths and angles could (by approximately 1.6 and 3.4 pm, respectively) on the addition
be optimized but the difference betwernandr, (equivalent of the standard frozen-core electron correlation. Increasing the
to rz andry) remained fixed. sophistication of the correlation from MP2 to the CCSD(T) has
A similar principle was applied to all the other modes. The little effect on the geometries. However, increasing the correla-
model for the B, asymmetric stretch was implemented by tion to include core electrons has a marked effect on the
attaching Na(1), CI(2), and Na(3) to X(1) and CI(4) to X(2). distances, leading to a further decrease of 0.6 pm for the
The distance between the two dummy atoms was then variedmonomer and 0.9 pm for the dimer. Again, the sophistication
along they-axis. For the B, mode, Na(1), CI(2), and Cl(4) were  of the correlation method has little effect. The-®la—Cl angle
attached to X(1) and Na(3) was attached to X(2), with the inthe dimer remains reasonably consistent throughout all levels
distance between the two dummy atoms being varied along theof theory, with a slight decrease of around 0when only
x-axis. The in-plane Abending motion was modeled by fixing ~ valence correlation is included.
the Na(1}-Cl(2)—Na(3) and Na(3) Cl(4)—Na(1) angles while The results using the 6-3315(d) basis set show that
letting the bonded distance be refined. Finally, the out-of-plane inclusion of the core electrons in the correlation scheme has a
B1, bending motion involved attaching the two chlorine atoms much larger impact on the structures of both the monomer and
to X(1) and the two sodium atoms to X(2) and then varying the dimer than the sophistication of the scheme itself. As long
the X(1)-X(2) distance in the direction, as shown in Figure  as some form of electron correlation is included, the difference
3b. This is a similar scheme to the one utilized by Laane to between the monomer and the dimer is reasonably consistent.
model a four-membered ring puckér. For the monomer, using the highest level of theory [CCSD-
Gas-Phase Electron Diffraction (GED).The data used for ~ (T)] and the 6-31%G(d) basis set, the results still give a
this study are those obtained by Mawhorter e2alhe sample discrepancy of 1.6 pm between theory and experiment for the
of sodium chloride used was commercially available and of monomer. This suggests that the basis set is not accurately
99.97% purity. An accelerating voltage of approximately 41.5 describing the bonding.
keV was used, and the precise electron wavelength was Calculations on alkali haliderare gas clusters by Lee and
determined by using the standargfC—O) value for CQ of Lee® showed the importance of core correlation but also
116.42 pm. Scattering intensities were determined by counting indicated that it was necessary to include polarization functions
electrons at each angle for 300 s. These were then averaged inwith higher angular momentum, using the 6-313(3df) basis
intervals of 2 nm?! from s = 40 to 178 nm?. set. In the case of sodium chloride, this had no effect on the
The weighting points for the off-diagonal weight matrix, monomer distance but increased the dimer distance by 0.6 pm
correlation parameters, and scale factors for the data are giverand increased the angle by a degree. The Dunning style
in Table S1 (Supporting Information). Further data reduction correlation-consistent polarized basis sets (cop\Mjive very
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TABLE 2: Calculated Geometries () for Both Monomer and Dimer at Different Levels of Theory?

theory/basis set re(Na—Cl)monomer re(Na—Cl)gimer Ue(Cl—Na—Cl) re(Na—Cl)gifference

RHF/6-311-G(d) 239.8 257.3 101.0 17.5
MP2/6-311-G(d)y 238.2 253.9 100.5 15.7
CCSD(T)/6-313%G(dy 238.3 253.9 100.7 15.7
MP2(full)/6-311+G(dy 237.6 253.0 100.9 15.4
CCSD(T)(full)/6-31H-G(d)F 237.7 253.0 101.1 15.3
MP2(full)/6-311+G(3dfy 237.6 253.6 101.8 16.0
MP2(full)/cc-pVTZ 237.4 254.3 103.0 16.9
MP2(full)/cc-pvVQZ 238.6 246.3 132.3 7.7
MP2(full)/aug-cc-pVQZ 229.0 244.8 118.3 15.8
MP2(full)/CVQZ/cc-pCVQZ 236.8 253.3 101.8 16.6
RHF/TZP! 238.9 257.1 101.6 18.2
RHF/ECP 239.7 258.0 100.8 18.3
RHF/POL 240.0 257.4 100.8 17.4
CPF/TZP 236.1 252.8 101.8 16.7
MP2/POL! 238.4 253.8 100.2 15.4
DFT/DZP 233.0 248.0 102.0 15.0
DFT/TZP 233.8 250.0 102.8 16.2
expt. (MW) 236.1 n/a n/a n/a

2 Distances in pm, angles in degStandard electron correlation on valence electrons 6iil.electrons were included in the electron correlation
schemed Weis et a® ©Wetzel et af* fDickey et a®® 9 Malliavin and Coudray! " Modisette et af? ' Derived fromB, rotation constant%

erratic results. Further calculations show that these basis set%ﬁ)?;ﬁ)r?gl ';?ég“uoenr:‘éigg?grr?ﬂgalsggﬁjrﬁxgﬁ{gﬂggta,wl onomer

behave well when only valence correlation is included but very ang Dimer Calculated at the MP2(full)/6-311HG(d) LeveP
unpredictably if core correlation is added. This is attributed to

the fact that these basis sets are not designed for core correlation mode Viheo. Vexpt

as they are of minimal quality in the inner-shell regftusing Monomer

the correlation-consistent polarized core-valendaple ¢ (cc- A stretch 370.5 364%

pCVnZ) basis sets for CI'58 and the recently developed Dimer

equivalent for sodiuf? at quadruple: level, the monomer ég S”etChh %g

distance is further s.hortened by 0.8 pm, bringing it to within Biﬁ iggiﬁh 208 o7

0.7 pm of the experimental value. Ba, stretch 244 226
Consistent trends are also seen in calculation results obtained Agbend 132

from the literature. With the addition of electron correlation the B, bend 96 108/115

dimer bonded distance decreases by around 3 pm, although this 2 Frequencies in cnt. ® Brumer and Karplug® ©Martin and
does not effect the CINa—Cl angle significantly. For the DFT ~ Schabef?
calculations, the shortening of the dimer-Nal distance is even
more pronounced (by over 6 pm with respect to the non-
correlated ab initio value) and a slightly larger-@a—Cl angle
is observed.

The Na-Cl distance in the monomer shows a similar trend
to that in the dimer, with the addition of electron correlation
shortening the bond by arouné-3 pm. The DFT calculations

again show a much shorter dlst.ance, by around 6 pm. Figures S4S9 (Supporting Information). From Figure 4b we

_The difference between the dimer and the monomer@la ¢4 see that the sodium-chlorine bonded distance increases as
distances is reasonably consistent throughout all the calculationsne molecule bends. This shows that there is substantial coupling
(excluding the anomalous results using the cc-pVQZ). Uncor- perween the B bending mode and the fstretching mode,
related methods give values that vary from 17.4 to 18.3 pm \yhich is not possible in a traditional curvilinear approach. The
and the introduction of correlation decreases this to a range Ofcoupling of these two vibrational modes, of different symmetry
15.3 10 16.6 pm. species, is possible because as the molecule bengktt®

Because of the large computational cost associated with thesymmetry drops t€;, and thus both the bending and stretching
CCSD(T) method and the large core-valence basis sets, themode are then of the same symmetry. The interplay of these
MP2(full)/6-311+G(d) method was used throughout the rest of normal modes in describing this large-amplitude bending motion
the study. illustrates how this method has moved beyond the limitations

Theoretical Calculations: Vibrational Correction Terms. of infinitesimal rectilinear displacements, while still using the
Harmonic force fields were computed at the equilibrium basic forms of the normal modes to define the regions of the
geometries for both the monomer and the dimer species at thePES that need to be explored for the EXPRESS method.
MP2(full)/6-311+G(d) level to compute the zeroth- and first- For the asymmetric stretching modes {BB,,, and By,), the
order vibrational corrections, for comparison with the EXPRESS potential-energy functions themselves can contain only even
method values. The frequencies of the six vibrational modes terms. (The vibrations are identical either side of equilibrium.)
for the dimer species calculated from this harmonic force field However, the functions relating the potential to the distances
are listed in Table 3 along with the computed value for the do not have this same constraint and this method has also
monomer. Experimental values are also tabuldé8All of enabled the anharmonicity in these vibrations to be correctly
the calculated stretching frequencies are somewhat high, forcaptured. This proved to have an important influence on the
exmaple, 1.6% for the monomer ane-8% for the B, and final structure.

Bay dimer modes. The larger discrepancy for the dimer could,
in part, result from the effect of the argon matrix used in the
experiment.

The potential-energy curve for the Bmode of vibration of
the dimer is shown in Figure 4 together with plots showing the
variation of interatomic distances. The equivalent plots for the
other dimer modes and the monomey #retch are shown in



Equilibrium Structures from GED: Sodium Chloride J. Phys. Chem. A, Vol. 111, No. 27, 2006109

70+ 6 -
AE/ Ar(Na-Cl)
kJ mol™" 60 /pm 54
50 .
40
34
30
2_
20
10 Ly
0+ 0+
45 100 50 O 50 100 150 450 100 50 0 50 100 150
(@) Aplpm (b) Ap/pm
04 0-
Ar(Na---Na) Ar(CI---Cl)
/pm g /pm .5
-10 -10
-15 1 -154
-20 -20
-25 - -25 1
-30 T T T T T T T T T T T 1 -30 T T v T v T v T T T T 1
150 100  -50 0 50 100 150 4150 -100 -50 0 50 100 150
(c) Ap/pm (d) Ap/pm

Figure 4. Plots of changes in (a) energy, {{fNa—Cl) bonded distance, (¢{Na:--Na) nonbonded distance, and ({dI---Cl) nonbonded distance
against change in vibrational mode paramepgrf¢r the By, bending motion.

TABLE 4. RMS Amplitudes of Vibration ( u) and Distance Corrections {5 — re) for NaCl and Na,Cl, Computed Using the
EXPRESS Method at 943 K, Centrifugal Distortion Corrections @r), and Overall r, — re Corrections?

distance Astretch Aystretch Bgstretch Bystretch Bystretch Abend Bybend totdl or¢  overall fa—re) + oOr
Monomer

Na—Cl u 11.36 11.36

fa—Tre 1.79 1.79 0.98 2.77

Dimer

Na—Cl u 7.32 8.96 7.92 7.94 0.36 0.54 16.12

fa—Te 0.79 1.06 0.85 0.86 0.19 0.29 4.04 0.59 4.63
Na::Na u 9.25 0.04 3.96 0.43 22.25 232 2453

ra—re 1.10 1.88 2.26 —0.24 —095 —0.40 265 1.01 3.66
Cl---Cl u 11.34 4.06 1.24 4.23 18.41 4.02 22.79

fa—re 1.15 2.30 0.70 244 179 243 236 0.71 3.07

a All values are in pmP For amplitudes see eq 8; fox — re see eq 9¢ Calculated from MP2(full)/6-312G(d) force field using SHRINK:8

These potential functions and distance variations were then To define accurately the explicit type of structure that has
used to calculate the RMS amplitude of vibratian")( and been obtained from an GED experiment, a systematic nomen-
distance correction termg §(— r¢)™ using the method described  clature is required. This will then allow precise comparisons
earlier. The explicitly calculated RMS amplitudes of vibration with other experimental and theoretical methods. We propose
(um for each mode of the monomer and dimer, together with an extension to the commonly used scheme, which will allow
the corresponding distance corrections, [ re)™], are listed the definition of the level of the force field used)( This can
in Table 4. Also shown are the overall RMS amplitudes of be h when a harmonic force is used, a3 when third derivatives
vibration () and distance corrections,(— re) for each distance,  of energy (giving cubic anharmonicity terms) are used, a4 using
calculated as described above, and the centrifugal distortionfourth derivatives, and so forth. The level of the force field term
terms @r) calculated using SHRINK# (n) should also be augmented tvia t if tabulated constants

Comparison of the overall amplitudes of vibration and have been used to assess the anharmonicity. As in the present
distance corrections obtained by this method and the equivalentnomenclature, the level of theoryn| used in calculating the
values from previous approaches are shown in Table 5. Ourcorrection terms is given by 0 for zeroth-order rectilinear
method includes a more complete description of the vibrational corrections, 1 for first-order curvilinear corrections, and so forth.
motion and implicitly takes into account anharmonicity, to any The structure is thus defined using the notatigR. Examples
order. are included in Table 5.
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TABLE 5: RMS Amplitudes of Vibration and Distance TABLE 6: Comparison of RMS Amplitudes of Vibration
Corrections for NaCl and Na,Cl, at 943 K2 and Perpendicular Motion Correction Terms Due to the
ASYM SHRINK SHRINK SHRINK EXPRESS Na,Cl, Dimer B;, Out-of-Plane Bending Mode
distance (ro®  (rm)®  (ras)®  (ras)® (re) ASYM (rng) SHRINK (1))  EXPRESS ()
Monomer Na—Cl u 0.00 0.00 0.54
Na—Cl u 10.95  10.95 10.95 10.95 11.36 P 1.71 0.00 0.29
fa— o 0.47 0.47 2.56 2.78 2.77 Na---Na u 0.00 1.87 232
Dimer Fa— Ip? 0.00 —2.66 —0.40
Na—Cl u 15.02  15.03 15.03 15.03 16.12 Cl--Cl u 0.00 1.55 4.02
ra—rof  2.09 0.20 2.98 4.77 4.63 a— o 0.00 —2.20 —2.43
Na:+*Na u 24.89  24.97 24.97 24.97 2453 a All val . b Contributi I . ¢
faerf —059 -2.88 0.88 3.75 3.66 values in pm.” Contribution to overall correction term frorg
cl-cl U 2213 2221 2291 2221 2279 to level of theory used, for this mode.
ra—rof —0.47 —2.43 0.62 2.89 3.07

a Al . b . . ) has the effect of making all of the correction terms positive
values are in pmP Obtained from a harmonic force field at . ;
MP2(full)/6-311+G(d) level using first-order distance corrections and and the magnitude of the bonded correctlon a factor-65 3 )
centrifugal distortion termd(r). ¢ As in footnoteb but using first-order ~larger than those for the nonbonded distances. The correction
distance corrections.As in footnote ¢ but also including cubic terms are further improved upon by including more accurate
anharmonic effects generated from averaged tabulated val&ssn cubic anharmonic effects using constants calculated from the
foot.not.ec but including ctfjbic anhe}rmonic effects generated using third third derivatives of the energy. This has the effect of increasing
Sgg(\j/étlves of the energy Correction term fron, to level of theory the magnitudes of all of the correction terms. The correction
terms calculated by the EXPRESS methndl further improve

Our RMS amplitudes of vibration are similar to those obtained the situation as they take into account anharmonic effects to a
using other approaches. Anharmonic amplitudes of vibration higher order and explore a much more extensive region of the
are typically a few percent largrso our slightly larger value PES. However, it is encouraging that the best values obtainable
for the monomer can be mainly attributed to anharmonic effects using corrections calculated from conventional force fiekds (
that are not taken into account in any of the other approaches.— ras,) are in reasonable agreement with our distance corrections
Even though the distance correction terms in the a3t,1 and a3,1(ra — re).
methods include a correction for cubic anharmonic effects, the  The differences between the three approaches to modeling
amplitudes of vibration are still calculated in the harmonic atomic motion can be best illustrated by considering the B
approximation. For the dimer bonded distance, the difference out-of-plane bending vibration of the dimer. As this mode has
is twice that of the monomer and presumably results from a a zero cubic anharmonic compon@ntbecause all of the
combination of higher-order modeling of atomic motion as well interatomic distances must be identical either side of the
as anharmonic effects. Cubic anharmonicity should play almost equilibrium position), we can compare the values obtained from
no role in the amplitude of vibration for the nonbonded distances the EXPRESS method to those obtained from rtieand rp;
and indeed their differences are much smaller. approaches. These are shown in Table 6.

Our distance correctionm{ — r¢) for the monomer is in good
agreement with that obtained from SHRINK using the third
derivatives of the energy {3 7). The Morse oscillator is a very

The zeroth-order approach assumes that the-@l and
Na---Na distances do not change so the-Xtd bond lengthens
N y - . . by a large amount during the motion, leading to an unrealistically
good approximation for a vibrating diatomic and cubic anhar- large distance correction for the bonded distance (1.7 pm). The

monicity will be the major contributing fact_or, so such _close first-order approach effectively fixes the N&I distance, with
agreement between the two approaches is encouraging. For, ; C

. ! atoms moving along curved paths. Although this is a better
comparison, the approach using averaged constagisy) (

yieded a Morse anharmoniciy deof 11.6 nm, compared - CPRCRCEG  BECONRRER D (o e g
with the spectroscopic value of 13.0 ninThis is a better value 9

than the typical choice of 20.0 nrhfor a bonded distanc® (Which is not the ca_se). Theref(_)re, r_leither appm?‘Ch adequately

which in this case would result in an anomalously large distance dgscr!bes the atomic m°“°.”s N this Iarge-amphtude mode of

correction &50%) for the well-characterized monomer. vibration. Our approa_ch, which |r_1vo|ves samp_llr)g thr_e PES over
Our distance corrections«(— re) for the dimer are markedly an extended region instead of just at the origin, gives values

different from those obtained using th@ andry, approaches ~ hat generally lie between those given by the other two
because of the large effects of anharmonicity. The harmonic approaches, as expected.

force-field and rectilinear corrections (h,0) used by the ASYM  Gas-Phase Structural Refinementsin the refinement of the
approach give a large positive correction for the bonded distancesodium chloride monomer and dimer structures, we have
and a correction of a smaller but negative magnitude for the attempted to make use of all available experimental data. The
two nonbonded distances. These correction terms will be largely GED data provide information on both structures. In addition,
inaccurate as they dramatically over-correct the bonded distancevery precise information about the equilibrium monomer bond
while under-correcting the nonbonded distances. Increasing thelength is available in the form of rotation constariég(obtained

level of sophistication to first-order, curvilinear corrections (h,1) from microwave spectroscopy for botANa**Cl and 2Na®’-

by using the SHRINK program gives a better description of Cl,?° details of which are listed in Table 7. The apparent
the vibrational motion. This shifts the weight from the bonded experimental estimated standard deviation (esd) associated with
to the nonbonded terms, although by neglecting anharmonicity each of the rotational constants was not large enough to account
the correction terms for the two nonbonded distances-(Na for the discrepancies between the determinestructures for

and Ct--Cl) become even more negative, and thus the correction the two isotopomers. This may indicate the breakdown of the
terms become worse. It is essential to include anharmonicity, traditional Born-Oppenheimer PES, but this phenomenon is
as seen by the large improvement that is gained simply throughnot of concern at the level of accuracy obtained by GED.
the use of tabulated cubic anharmonic constants (a3t,1). ThisTherefore, the esd for these measurements was increased beyond
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TABLE 7: B, Constantst TABLE 9: Refined RMS Amplitudes of Vibration ( u),
B din GED Associatedr, Distances, and Corresponding Values
e USEd In Calculated from Theory?
Be re refinement

2NgSCl  6537.36521(37) 2.36079485(7)  6537.3652(30) . ! ! égﬁgterl;gt
2NgCl 6397.28111(78)  2.36079378(14)  6397.2811(30) - a ©xpt)  calod)
u; r(Na—Cl 238.8494(5) 10.6(3 11.4
aRotation constants in MHz, distances in phDerived from B. U; rENa_Clggi‘:q'zgner o (5) 16.2((4)) g
rotation constant& us  r(Na--Na) 316.5(44)  24.6(21) 24.5 24.5(25)
) . Cl---Cl 398.1(30 20.1(14) 22.8 22.8(23
TABLE 8: Refined r Vapor Structures and Composition us 1( ) (30) (14) (23)
for NaCl Vapor at 943 K2 aDistances in pm°u/u, restrained to the calculated ratio of
re (exptl) re (theory) restraint 0.703(0).
Independent Parameters 1.06 +
pr  r(Na—Cl)monomer 236.0794(4) 236.8
P2 r(Na—CI)dimer 253.4(9) 253.3 R /R 105+
ps OCINaCl 102.7(11) 101.8 ¢ emn | n
P4 Faimer 027(2) 108
Dependent Parameters
d; r(Nea--Na) 316.5(43) 319.6 103
d> r(Cl---Cl) 395.7(32) 393.2 7
d; Ar(Na—Cl)¢ 17.3(9) 16.6 1
ds  Be2NeCl 6537.3688(19) 6537.3652(30) 1.02
ds Be2Na*’Cl 6397.2788(19) 6397.2811(30) J
a Distances in pm, angles in deg, and rotational constants in MHz. 1,014
Numbers in parenthesis are estimate standard deviafidieoretical 1
results from MP2 calculations using all-electron correlation and CVQZ 1.00 4 —
for sodium and cc-pCVQZ basis set for chlorii€€hange in bonded —
distance on moving from the monomer to dimer. 020 022 024 026 028 030 032 034

Proportion of NaCl existing as dimer

Figure 5. Variation of R factor with amount of N&l, dimer at 943
K. The dashed line marks the 95% confidence limit.

the quoted experimental value to allow thestructure to be
geometrically consistent.

The rotational constants were introduced as extra information
in the form of flexible restraints, calculated using physical
constants and atomic masses available from the National
Institute of Standards and TechnoloyThis is possible inthe gy,
ed@edstructural refinement program as it allows non-GED data
to be employed as additional data during the least-squares
refinement process. Restraints derived from theoretical data can MNa-Cl
also be applied using the SARACEN metfotand these were (monomer)
used to restrain some vibrational amplitudes or their ratios to
calculated values.

Four independent parameters (Table 8) were used to describe
the structure and composition of the sodium chloride vapor.
Parametermp; describes the bond length(Na—Cl), for the
monomer p; is the dimer bond length(Na—Cl), ps is O(Cl— . . . . . . : :
Na—Cl), andpy is the proportion of NaCl units existing as dimer 0 100 200 300 400 500 600 700 800
in the vapor Fg), as defined in eq 10. Previous studfelsave r,lpm
defined the fractional amount of dimer in terms of a mole gigyre 6. Experimental and difference (experimentttieoretical)
fraction, but it is more appropriate to use our approach, as it is radial-distribution curvesP(r)/r, for sodium chloride vapor at 943 K.
the total number of monomer units that remains constant. Before Fourier inversion the data were multiplied Isyexp(

0.000 02)/(Zc) — *CAci)(Zna — *XCna).

Ma-Cl (dimer)

Ma--Na

rCl--Cl

2my

T m,t2m, . | o
The starting values for the RMS amplitudes of vibratian (

wherem, andmy are the relative numbers of moles of monomer and distance correctionk) (were calculated using the EXPRESS
and dimer, respectively. method, as described above.

Together with the four independent parameters, the RMS  The refinement parameters, their final refined values, and all
amplitudes of vibration were refined. As the bonded distances flexible restraints are shown in Table 8. The refined amplitudes
for the monomer and dimer cannot be resolved in the electron-and associatet, distances are listed in Table 9.
diffraction experiment, the ratio of the amplitudes of vibration The proportion of vapor existing as dimgy;) was fixed at
was restrained using values calculated from the EXPRESSvarious values and the refinement process repeated. The
method. Any other amplitudes that could not be refined sensibly variation ofRg with the proportion of dimer is shown in Figure
were subject to a SARACEN restraint, with the uncertainty taken 5 along with the 95% confidence limit20) calculated using
to be 10% of the computed value. Starting values for the refining Hamilton’s table$* This leads to a final value for the proportion
geometrical parameters were taken from an ab initio calculation of dimer of 0.27(4) with anRg factor of 0.091. The final
using the MP2 method, applying the correlation to all electrons, molecular intensity curve is depicted in Figure 6 and final radial
using the cc-pCVQZ basis for chlorine and CVQZ for sodium. distribution curve in Figure 7.

Fq (20)
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Figure 7. Molecular scattering intensities and difference curve for

sodium chloride vapor at 943 K. Solid line, experimental data; dashed

line, theoretical data; lower solid line, difference curve.
The fit between experimental and theoretical scattering,

McCaffrey et al.

the previous study by Mawhorter etZland Frischknecht and
Mawhortef? and the refinement using the best corrections
generated from SHRINKTr{s 7). The improved accuracy of the
refined structure using the EXPRESS method (compared to the
one obtained using SHRINK'’s vibrational correction terms) is
a consequence of the improved description of the vibrations.
The larger improvement when compared to previous studies can
be attributed to the improved vibrational corrections, as well
as the use of the microwave data for the monomer and the
flexible restraints of the SARACEN method, which conse-
quently provided the ability to refine all parameters and RMS
amplitudes of vibration simultaneously. The improvement in
the refinement is also highlighted by the absence of any
systematic (non-noise) errors in the radial distribution curve
(Figure 7).

When compared to our highest level ab initio calculation
[MP2(full)//CVQZ/cc-pCVQZ] the monomer and dimer bonded
distances are both calculated to be too long (the monomer by

8S 0.7 pm, the dimer by 0.2 pm). While experiment and theory do

determined by thés factor, is reasonably good, considering  qree for the dimer (within experimental error), a better

the noise due to the high temperature of the experiment

especially above= 100 nnT?, and is a significant improvement
over the original fit?2 The radial-distribution difference curve

has a much more uniform distribution than those obtained in
previous studie3?55suggesting that the residual is noise rather

than indicating a problem with any structural parameter.
Allowances for multiple-scattering effeéfshave not been

» comparison is the change in bonded distance going from the

monomer to the dimerAr(Na—Cl). At this level of theory the
difference is 16.6 pm, which is within one standard deviation
of our experimentally determined value of 17.3(9) pm. This
calculated difference should be more accurate than absolute
values as systematic errors in the calculations of both the
monomer and the dimer will tend to cancel. Frischknecht and

included in this study. Multiple scattering is an important \1awhorter's value of 15.5 is reasonable because of the inclusion

consideration for molecules containing heavy atoms, especially

when a triplet forms an angle close to°33:68 In the present
case, although the angles are not far frorf, @@eliminary work

of anharmonicity and the near equivalence of the linear normal
mode and curvilinear displacements for this particular geom-
etry 82 Although the best SHRINK calculation also gives good

we have conducted has shown that the effect of this is ”egl'g'ble'agreement for the dimer structure, the combination of the

However, multiple-scattering effects will have a more significant iy nrqyed distance corrections and the use of anharmonic RMS
effect for heavier alkali halide dimers, and we are developing amplitudes of vibrationu() from the EXPRESS method give

methods to deal with them. Sensitive mass-spectrometric studieqmproved accuracy of the determined parameters, an improved
on other alkali halides have shown the presence of larger g 4nq g petter agreement between theory and experiment for

oligomers (such as trimers and tetramers), but their vapor o more accurately calculated change in bonded distance,
pressures are several orders of magnitude smaller than that OfAr(Na—CI) (one esd for our method compared with two esd’s
the dimer®®’® More recently a mass-spectrometric study of - 'the a3 1 analysis).

vaporization fluxes from alkali halide single crystals detected

no presence of trimer for sodium chloriffe.

Table 10 compares the results of our refinement using the
EXPRESS method with the original analysis by Mawhorter et

al.??2 as well as a study by Frischknecht and Mawhd&tter
combining an ASYM analysisrfg) with retrospective cubic

Conclusion

Equilibrium structures have been obtained from GED experi-
ments. This has been achieved by generating explicit distance
corrections that directly relate GED structures torsructures

anharmonic corrections, obtained from a Morse oscillator model, from ab initio calculations as well as other experiments. These
to bonded distances. Results from a refinement that we haveare generated from the analysis of those parts of the ab initio
performed using amplitudes))(and distance corrections,(— PES that correspond to the modes of vibration of the molecule.
ras.) generated using SHRINK and anharmonic constants from These correction terms therefore include all of the effects of
the third derivatives of the energy are also tabulated, togetheranharmonicity to a high order and more accurately describe
with theoretical results obtained using the MP2(full)/CvQz/ atomic motion, especially in modes with large-amplitude modes
cc-pCVQZ method, for comparison. of vibration.

The EXPRESS method ( structure) reduces the standard This technigue has been successfully applied to the GED
deviations for all the refined parameters when compared to both structural refinement of sodium chloride vapor at 943 K, to give

TABLE 10: Comparison of Experimental Results from Different Methods of Analysist

parameter ref 22r) ref 62 (no + Az)° SHRINK (raz9) EXPRESS () theory (re)
r(Na—Cl)monomer 238.8(4} 235.9(4} 236.0794(4) 236.0794(4) 236.8
r(Na—Cl)gimer 258.4(17Y 251.4(209 254.2(9) 253.4(9) 253.6
0(CINaCl) 101.4(1%H 101.7(14) 102.5(12) 102.7(11) 101.8
Ar(Na—Cl) 19.6 155 18.1(9) 17.3(9) 16.6
Faimer 0.28(6ye 0.24(2y 0.27(2y
0.112 0.093 0.091

aDistances in pm, angles in deln approach with anharmonic corrections to bonded distalic@alculated using MP2(full) and using the
CVQZ basis set for sodium and cc-pCVQZ for chlorifiéincertainties converted tas1® Converted from quoted mole fraction to proportion of
NaCl units existing as dimer (see eq 10).
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