9284 J. Phys. Chem. R001,105,9284-9297

An Interpretation of the Vapor Phase Second Virial Coefficient Isotope Effect:
Correlation of Virial Coefficient and Vapor Pressure Isotope Effects

W. Alexander Van Hook*
Chemistry Department, Unérsity of Tennessee, Knahe, Tennessee 37996-1600

Luis Paulo N. Rebelo*
Instituto de Tecnologia Qmica e Biolgica, UNL, Apartado 127, 2780-901 Oeiras, Portugal

Max Wolfsberg*
Chemistry Department, Unérsity of California lrwine, Irvine, California 92697-2025
Receied: Nawember 28, 2000; In Final Form: May 1, 2001

Experimental data on vapor phase second virial coefficient isotope effects (VCIES) are reviewed and then
interpreted using the general theory of isotope effects. Useful correlations are developed betvjeer

bo)/(96 — by) = (—VCIE) and [InfJ/fy)]*, where [In/f)]* is the reference condensed phase reduced isotopic
partition function ratio, and’ is the second virial coefficienty, = 270%3, o is the Lennard-Jones size
parameter, and\ denotes an isotopic difference, light-heavy. fifif)]* can be straightforwardly obtained

from measurements of vapor pressure isotope effectIdor T/Termicar < 0.7. We show VCIE) =

In(f/fg?) where Iny/fg?) is the reduced isotopic partition function ratio associated with the equilibrium between
isolated gas-phase monomer species and interacting pairs. At temperatures well removed from crossovers in
In(fo/fg?) or [In(f/fg)]*, In(fo/fe?) = (0.4 + 0.2) [In(fo/fo)]*.

Introduction of effective Lennard-Jones parameters (or parameters of some

It is well established that isotope effects (IEs) on condensed alternative intermolecular potential function) and their isotope
phase molar volume (MVIE), on vapor pressure (VPIE), on SfeCtS.Ae =¢" — ¢ =ey —epandAo =o' — o =on —op,
vapor phase virial coefficients (VCIE), and on molecular have_not been _suff|C|entIy clearly arncylated. Some cpnfgsmn
polarizability (PIE), are closely related. These isotope effects remains, and in the worst case, th_|s can result n Inter-
share a common origin in the vibrational properties of the pretatlons that V|olate'the BOHOppenhelmer (BO) approxima-
molecules of interest. Van Hook and Wolfsbetgve shown  tion. That BO approximation, of course, has been axiomatic in
that PIE, an effect of vibrational averaging, gives rise to an IE thelgevelopment of the theory of equilibrium isotope chemis-
on the van der Waals interaction. Earlier, WolfsiFedgmon- try. . .
strated that the vdW dispersion interaction includes an isotope-. In the material tha}t follows, we choose a different path to
dependent zero point energy shift that can be expressed in termd/lustrate the connection between VPIE and VCIE. We compare
of ground-state infrared intensities and vibrational polarizabili- standard state free energy differences between average con-
ties. Thus the vdW dispersion interaction (and by extension densed phase T“O'ecu'es or average gas-phase dimers, on one
more complicated interactions such as dipalépole, dipole- hand, and the dilute gas-phase rgference on the other. The direct
induced dipole, and hydrogen bonding) must account on one correlation supports the conclusion that the two effects share a

hand for the gasgas virial coefficient interaction and the VCIE, comhmon origin. ) i h iqelei h
and on the other for bulk phase condensation and the VPIE. Thermodynamic Formal ISm. The VPIE Bigeleisen 1as
Even so, the details of the relationships between PIE, MVIE, developed the thermodynamics of the vapor pressure isotope

VCIE, and VPIE have been argued for years, sometimes effect1216 The isotopic difference in Gibbs free energy for the
contentioush?~1° This situation has arisen because it has proved condensed phases is written

convenient to express virial coefficients (and VCIES) using a , . , ,

parameter set that defines an intermolecular potential and IEs te — e = ~RTIN(QIQD + (PVe —PVe) (1)
thereon ¢, o, Aele, andAo/o),3511while for the description of N ) N

MVIE and VPIE it has often proved more useful to employ a EQCD,? Qo an.d QL= QC' are properly averaged molecular
formalism that uses a set of vibrational frequencies and Partition functions, andQ; and Q. are by convention the
frequency shifts, and their isotope depender&e. Unfortu- canonical partition functions for assemblied\blight (primed)
nately, for VCIE, the subtleties of the vibrational averaging @nd heavy (unprimed) condensed phase molec&#eand P
process that leads from a properly defined isotope independent@r€ €quilibrium vapor pressures, avidandV; are condensed

potential function to a description of the IEs in terms of a set Phase molar volumes not to be confused with the critical
volumesV,;, andVeit. For the vapors, limiting corrections for

*To whom correspondence may be addressed. nonideality to second order (i.e., through the second virial
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coefficient), we have B when the system expands and the condensed phase structure
breaks up during the approach TeriticaL. Above TcriTicaL,
g — tg= ~RTIN(QYn{Qqny + RTIN(P'/P) + the reference condensed phase isotopic partion function ratio,

RT(3/2) In(M'/M)] + (B.P' — B,P) (2) In(fo/fg)*, has no meaning in terms of comparisons with VPIE,
but its numerical value still serves as an interesting reference

Qe @nd Qq,int are the canonical partition functions omitting When considering isotopic parti.tion function rat!os of interacting
the contribution of translation (ideal gas, denoted by the pairs of gas-phase molecules in the theory of isotope effects on
subscript g)M’ andM are the molecular masses of the isotopic second virial coefficients.
molecules, and#, and %, are second virial coefficients when An important reason for using reduced function ratios in the
the vapor equation of state is written &V/RT — 1) = W%,P development that leads from egs 1 and 2 to eqgs 4 and 5 is the
+ 1/26,P? + ... Should one choose to employ the expression Simple form thus obtained in the harmonic oscillator/rigid rotor
(PVY/RT — 1) = WBINg + GIN ... one findsié = WBoRT, ete. At appr_oxir_nation fo_r the treatment of atomic moleculgs. In that
equilibrium, ou’ = (ug — ug) = 0= ou = (ug — uc), SOOAu application ¢/s)f is evaluated in terms of the set bhormal
= (uy — up) — (ug — uc) = 0, and it follows from eqgs 1 and 2 mode harmonic vibrational frequencies,i = 1, 2, ... 3, for

that the condensed and vapor phases, and of the isotope effects on
those frequencies. It is often useful to divide the frequencies
In(P'/P) = '”[(Q;,,imM'B’ZEQCD]/(Qg;mMwﬂDEU] + into two classes. The first, or high-frequency class, contains

harmonic modes for which; = hovi/kT ~ 1.44v; (cm™1)/T >
1 and for which the low temperature (or zero-point energy)

. N - A approximation is appropriate (see Appendix A). This class
The first (logarithmic) term on the right-hand side, i.e., the one usually contains the (8 — 6) nonzero frequencies of the

expressing the logarithmic ratio (condensed phase/gas phase(nonlinear) gas-phase molecule, as well as the frequencies to
c/g) of isotopic partition function ratios (heavy/light, unprimed/ . . ’ . .

- . . NS which they correspond in the condensed phase (i.e., the internal
primed) goes to zero in t_he cla§S|caI limit (high temperature). degrees of freedom). The second class contains the low
er;eir?ael\ll |a:)|onE:‘iroenl1eizseerg,;fnzn')\//,l;s gﬁﬁf?,g?or?nigefgnez:gﬁ\t’m harmonic frequenciesi(< 1) which are treated in the so-called

ginally by big ) YER It be - - high temperature approximation (first quantum correction,
to introduce the reduced isotopic partition function ratio to . .

. ; - X Appendix A). These modes usually correspond to the six degrees
express the isotopic ratio of the quantum mechanical (gm) to

. " . _ ; ; of translation and rotation in the ideal gas (zero frequencies)
classical (cl) partition f}frj,Ct'o‘,ns,,‘ﬂS)fﬁ = UQQ)an/(QQ)ells, which shift on condensation to a set of six restricted translations
wheref may be either “c” or “g”, ands ands are the symmetry

numbers of the unprimed and primed molecules). Equation 4and rotations. These degrees of freedom are referred to as
. P P - =4 external modes. After some calculation, one obtains (Appendix
follows directly. In eq 4 and subsequently, we suppress A)

expression ofg/s for economy of notation and because that
supression does not affect our arguments. In(P'/P) ~ In(f Jf.) = ACITZ +BYT ©6)
9

PV, — PV)IRT = (4P — BP)I(RT) (3)

In(ffg) = | with A, = (U24)0dK(S (72 — v — 02 — v)g). The
In(P'/P) — (P'V, — PVQ/RT + (S8,P" — B,P) (4) sum is over the low frequency (low wavenumber) set, it being
understood that the six external condensed phase frequencies
At low enough temperatures, i.e., not too far above the triple (three hindered translations and three hindered rotations) reduce
point, say betweefrripLe and ~0.7T/TcrrmicaL, the last two  to null frequencies in the ideal gas. Al& = (1/2)(dk) (3
terms in eq 4 are small, and to good approximation one is able [(y! — 1), — (1 — »;)]); this sum is over the (8 — 6) high
to employ low-temperature VPIE data to define the reference frequencies. For linear molecules, there are but 5 external modes

condensed phase isotopic partition function ratidoligf*, equal (3 translations, 2 rotations) andn(3-5) internal modes; for

to VPIE ~ In(P'/P). monatomics there are only 3 external modes (all translations)
: and no internal modes. For more rigorous analysis, instead of

|n(fc/fg)* =In(P'/P) = using eq 6, one evaluates fgify) with complete expressions
VPIE (Tirpie<T < ~0.7TT/Tcgmica) B) for condensed and vapor phase partition functions, sometimes

including corrections for nonclassical gas-phase rotation and/
In this temperature range, the vapor pressure isotope effect, In-or vibrational anharmonicity (Appendix A). Those refinements
(P'/P), is just the logarithm of the isotope effect on the notwithstanding, it is true that eq 6 accurately expresses the
equilibrium constant, If{'/K), corresponding to the phase basic physical chemistry of the VPIE and may be usefully
change (condensed phase molecule{sapor phase molecule-  employed for the empirical representation and (sometimes) for
(S)ea #1718 Also for (Trripie < T < 0.7T/TcrimicaL), the extrapolation of VPIE data to higher or lower temperature. [For
reference isotopic partition function ratio can be expressed in instance, for ClCD4 and CH/CH3D, it was show#®20 that
the form Infd/fg)* = AJT? + BJT with A; and B, constantA. an extrapolation of low-temperature VPIE data using two
contains information about the condensed phase force constantparameters (eq 6) could represent new ¥t the critical
that define the external (lattice) frequencies of the molecule, region (~60 K higher) to 0.1%.] A similar conclusion can be
andB; contains information about the difference in the internal inferred from data fof®Ar/4%Ar. Here, new high precision VPIE
frequencies between the gas and the condensed phase (frequenaata? nicely described using the two-parameter fit (eq 6), are
shifts on condensation), vide infra. At higher temperatures, but found to be in excellent agreement with older dat higher
below the critical temperature, one must take into account the (as much as 45 K) or lower (as much as 20 K) temperature
correction factors indicated in eq 4 to calculate VPIE, and in when extrapolated using the two-parametetithus, the form
addition the temperature dependence8andB;, if any, must of eq 6 suffices for an adequate, albeit empirical, representation
be considered. The latter arise largely because the temperaturef lattice anharmonicity over the liquid rang&This is an
dependence of the molar volume is expected to decrzzsed important point in the discussion that follows, since experimental
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data for both VPIE and VCIE are not usually available for the remains, the same as eq 8, is that one still calculates the
same temperature range. A more complete discussion of thedifference between an integrated probability for finding two
relationships between fg)*, In(f/fy), their representations  molecules close to each other when the two molecule interaction
using pseudoharmonic and harmonic models, and' /iR = is included and the probability of finding the two molecules at
VPIE, asT increases toward the critical region where molar the same distance in the absence of the two molecule interaction.
volume and vapor nonideality corrections become important, One is led to an equation for the virial coefficient of the same
and eventually dominate, is given in Appendix B. Appendix B form as that given in eq 8 with the two terms again being an
makes it clear that the comparison of interest to us in this paperexcluded volume and an association equilibrium constant. With
is that between the properties of the ideal gas-phase dimers witheq 8, there is no isotope effect on the second virial coefficient
those of the low-temperature liquid-phase not too far from its in classical mechanics. The first term in eq 8 depends only on
triple point, i.e., with Inf/fy)*. the potential parametes which is independent of isotopic
The VCIE.The theory of the second virial coefficient of gases substitution in the BO approximation, and it is well-known in
is well understood’2425In classical statistical mechanics, one isotope chemistry that an equilibrium constant formulated using

obtains for the virial coefficient of a monatomic gas classical statistical mechanidsg, is independent of isotopic
substitutiont®
8= —27N, f [exp(—¢y(r)/KT) — exp(—¢(1)(r)/kT)]r2dr In making the transition to quantum statistics, we note that it
@) has been showhthat quantum statistical mechanics yields an

expression similar to eq 7 for the second virial coefficient of a
whereg()(r) is the potential of interaction between two atoms, monatomic gas. It is only necessary to replace the Boltzmann
#@)(r) is the one atom potential function (i.e., exgy(r)/kT = factors, expt-¢)(r)/kT), by the corresponding normalized Slater
1), andNa is Avogadro’s number. The coordinateis the sums (the normalizing factor has been omitted in eq 9)
distance between the two atoms. Using a statistical argument,

Rice®> h h hat it i I | 7 with
8.|ce2 as shown that it is reasonable to replace eq 7 with eq Z W) [exp(—(T + ¢k (r) 9)

@ = (2/3)7[03 — K(T) 8) where they(r)’'s correspond to an appropriate orthonormalized
: complete set of functions and the summation is over this

In eq 8, K(T) is the integrated excess probability of finding complete sefT is the quantum mechanical operator for kinetic
two atoms in the gas closer to each other than they would be inenergy and the functiong(r) correspond tapa(r) or ¢2(r) of
a random distribution with no two atom potential. This prob- €q 7. The important point to recognize is, for o, the potential
ability has been set equal to the value of the equilibrium constantremains strongly repulsive so that the contributioniéconly
K for the dimer association of the monatomic gas (the factor of arises from the second term in eq 7 (quantum version) and the
2 arises because two atoms form one dimer molecKléjere excluded volume, (2/3)0° is again obtained. Similarly, the two
refers to the equilibrium constant expressed in terms of terms in the quantum mechanical equivalent of eq 7 cancel at
molecular densities of dimer and monomer, respectively, and large values of where the two atom interaction disappears.
has units of volume. The first term, (2/8)3 (referred to here ~ Thus, we are led again to eq 8 for the virial coefficient except
and elsewhere als,), arises from the fact that the two body that nowK is to be formulated quantum mechanically. Note
potentialp(r) has a long-range attractive portion but at short that the quantum mechanical equilibrium constans isotope
range (distances less thais strongly repulsive. At shortrange  dependent. The statistical mechanical formulation of the equi-
(r < o), the first term in the integral in eq 7 rapidly goes to librium constant for pair formation should be written as the ratio
zero, while the second term is equal to unity for the monatomic ©of the partiton function for two monomers in the presence of
virial coefficient. Thus, (2/3)c3 is the volume excluded by the ~ the interaction potential between monomeric species (and
short-range repulsion. For large when ¢p)(r) goes to zero, including the appropriate summation of continuum states above
the integral in eq 7 also goes to zero. At intermediate values of the dissociation limit) and the corresponding partition function
r, the integrand is positive becaugg(r) is a binding potential. for two monomers in the absence of an interaction poteHte4l.
Equation 8 correctly explains the temperature dependence ofln our model, we considef in the “harmonic approximation”,
observed virial coefficientspositive values at higi whereK replacing it by a bound dimer (pair) harmonic-rigid-rotor
approaches zero, decreasing positive values as temperatur@artition function divided by the square of the harmonic partition
decreases, becoming negative Escontinues to decrease function of the corresponding monomer, fiig?).
depending on the strength of the two body interacts(r). Sinceb, = (2/3)tc® is isotope independent, one focuses the
It is noteworthy that one can obtain the relationship between discussion of VCIE in the context of eqs 8 and 9 o# { b),
¢ and the equilibrum constait by considering a thermody-  which is directly related to the association equilibrium constant
namic equilibrium between stable dimep And monomer A K. Continuing, we develop expressions fef\(CIE) = In(fy

species (2A= A»), then assuming both A and,Ao be ideal f¢?) analogous to those for IRy fg)* by recalling that the vapor
gases, and finally calculating the total pressure of the system.pressure may be regarded as the equilibrium constant for the
This line of thermodynamic reasoning yieldd = —K. The reaction (liqguid= vapor). Consequently, because the reduced

equilibrium constanK is a positive quantity, approaching zero partition function ratio {/f) refers to isotopic ratios of partition
at high temperature. One also knows that the hard sphere seconflnctions in the condensed and vapor phases, one expresses
virial coefficient of a gas i, and that, indeed, second virial  In(P'/P), by relating it to {/fy) and (J/fg)*, see eq 5. In the
coefficients tend to be positive at higher temperatures. Thus, present communication, we establish the relationship by com-
one can reason that eq 8 is a reasonable representatigh of paring (/fy)* values obtained from VPIE to corresponding
For calculation of virial coefficients of polyatomic molecules, (fy/f¢?) values obtained from VCIE. The isotope effect on the
the theoretical formulation in classical statistical mechanics association equilibrium constamt is expressed in terms of
becomes more complicated than eq 8 since many molecularreduced partion function ratios askuK) = In(fg?/fp,) in precise
degrees of freedom need to be considered. However, whatanalogy to eq 5. We define VCIE as follows.
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IN(K/K") = —In(K'/K) = In(f/f,) = In(f /f;}) = (~VCIE) = AJT> + BT =

—In[(% — b)/(%8 — b))] = (—VCIE) = AJT>+ B/T (10) > ,
: AT 8 ARAYOSKD (07~ gengim v + 07 — vy +

The reason for the minus sign clearly rests on the factkhat 2(3n - 6)

involves the equilibrium (2-monomes pair) but the vapor (272)(hdkT)( Z [(vi = v)p = (Vi = w)Dinr (128)

pressure equilibrium involves (condensed phasaonomer).

Equation 10 defines VCIE and establishes its relationship to 1o analogous equation for fglf,)* is obtained from egs 5

the measured values of the virial coefficient and toAjexnd and 6 ¢

B, parameters. Alsb, = (2/3)7c° is the excluded volume per '

particle, ando is the size parameter in the Lennard-Jones, _ 2 _

Sutherland, or other intermolecular potentig}; values have ln(fc/fg)* =AJT"+BJT=

been tabulated for some common molectfes. 5 6 5 ,

Further discussion of eq 10 is appropriate. When considering (1/24)(dkT)A Z[(Vi' — V" )exT Jattice modebc T
isotope effects on any property that can be described in terms (3n—-6)
of partition functions, including virial coefficients, it is custom- (1/2)(ha/KT)( z (V= v)e— (V] — Vi)g])uNT (12b)

ary to focus on quantum mechanical corrections to ratios of
classically formulated partition functions, recognizing that at
high enough temperature the correct quantum mechanical
formulation must approach the classical limit. For the second
virial coefficient, lim(T — o)[ 28] = b,, which impliesb, = by
since lim{— o)[¢8/98'] = by/b, = 1. Indeed b, depends only

on the potential function which is isotope independent.TAs
falls below its high-temperature limits drops off from the
small positive valuep,, characterizing the excluded volume
contribution, through zero, to much larger negative values which
are a consequence of the attractive part of the intermolecular
potential. Further, usingé = 28 — 94 and recognizing that

The first sum on the right-hand side of eq 12b is over the six
external lattice modes of the condensed phase molecule (cor-
responding once again to zero frequency gas-phase translations
and rotations), and the second treats the {36) remaining
“internal” frequencies in condensed (subscript c), and gas phase
(subscript g). Equations 10, 11, and 12a are consistent with the
earlier thermodynamic analysis of Phillips, Linderstrom-Lang,
and Bigeleiser’

Study of egs 12a and 12b reveals thatindA. are inherently
positive. This results because/( = v?), and ¢ = 1%

ABI(%B — bg) < 1 andAb, = b.—b, = 0, we obtain (recall the prime refers to the more lightly substituted molec-
' ° ' ule), and ¢gy;9)g = (Vext?)g = 0). Thus, theA contribution to
|n(fp/f92) = (—VCIE) = —In[(% — by)'/(% — b.)] = In(f/fg)* or In(fy/f¢?) is necessarily positive, i.e., in the direction

of a normal isotope effect (light- heavy). TheB terms,

on the other hand, involve the sum of dimenonomer or
condensed-vapor isotopic frequency differences and can be
either positive or negative depending on the sign of the net
frequency shift on the phase transfer [i.e., whether it is to the
red (negative) or to the blue (positive)]. For monatomic species
B. = B, = 0 (there are no internal modes), and the isotope
effects are necessarily positive (normal) sidge> 0 andA, >

0. Alternatively, for molecules with structure the situation is
more complicated. If the net shift in internal modes on
condensation/dimerization is to the blue, thandB terms are
both positive and reinforce one another. The IE will be positive
and large. More often, however, the net shift in isotope sensitive

mers to the interacting pair. One then obtains by analogy.to ~ INtémal frequencies is to the red (the ordinary case for
and B, of eq 6, A, = (1/24)0dKX(S [(V2 — v — (V2 — noncomplexed H/D substitution in, for instance, hydrocarbons)
1 I |

vdgl) and B, = (112)dK)(T [(v, — v)a — () — v)gl), see and B is of opposite sign.tA. Over some range of temperature,
Appendix A. The sum in the expression fag for a nonlinear ~ B/T May be, and often is, larger in magnitude thafT?. In
polyatomic molecule extends over the 12 frequencies corre- SUCh cases, the net isotope effect will be negative (inverse),
sponding to the so-called external degrees of freedom, which it iS & small difference between competing positive and nega-
in the monomers are the rotations and translations of the two tve terms with distinctly different temperature dependences.
molecules (and which have zero frequencies in the monomers); Theése matters have been thoroughly discussed so far as
in the dimer those 12 frequencies correspond to the three@Pplication to VPIE is concerned.“*"It is our anticipation
rotations and three translations of the dimer molecule (which that similar considerations will carry over in the interpretation
again are zero frquencies), plus six frequencies that corresponcPf (—VCIE). This is the principal point of concern for the present
first to one monomermonomer stretch (denoted here by the Paper.

subscript LJ), and five other low lying frequencies that we ~ Comparisons of Inffg)* and In(f/f?) = (—VCIE). The
describe as loose monomenonomer bending modes or important qualitative features of the model introduced abie
hindered internal rotations. The remaining 2(3 6) internal are summarized in Figure land then illustrated for specific
frequencies of the two n-atomic monomers map into the same examples (methane, water) in Table 1. When a molecule is
number of internal frequencies of the dimer, slightly shifted in transferred from its ideal gas reference state to the dimer, or to
frequency from the monomer frequency; the summation over the condensed phase, significant changes occur in both its
these larger frequencies (referred to as internal frequencies)internal and external degrees of freedom. In the description of
appears in th&, term. Incorporating these considerations into this process (implied in egs 4 through 12), one refers tma 3
eq 10, we obtain eq 12a. dimensional potential energy surface, PES, which describes how

=In[1+ A%I(B — by)] = —AWBI(B —b,) (11)

As already noted, in applying the harmonic model to VCIE (eq
10), the partition functions of pair and monomer are normally
written in the rigid rotor-harmonic oscillator approximation. As
in the treatment of the vapor pressure isotope effect, the factor
A in the next but last term on the right contains a sum over the
low frequencies in the dimer, that is a sum over those
frequencies of the interacting pair that correlate with the zero
frequency monomer translations/rotations. Bydactor (in the

last term on the right of eq 10), on the other hand, treats the
higher frequency internal vibrations that are expected to have
shifted slightly during the transition from the ideal gas mono-
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and in the internal vibrational potential energy for a single
normal mode (specified in terms of bond lengthor combina-

tion of bond lengths and angles as appropriate), as two or more
molecules vary their distance of intermolecular separation
RnTterMoL = Ru2. A similar diagram can be constructed for each
of the 3 — 6 internal degrees of vibrational freedom of the
molecule of interest. In Figure 1, the upper curve labeled “
sketches the transfer between the dilute gas reference state (on
the right at largeR;2) and the complexed (dimerized) vapor
molecule at the bottom of the upper well to the left. Similarly,
the lower curve labeleds” shows the transfer from dilute vapor

to condensed phase. Thus, while in the first cas;.)
represents the pair intermolecular potential energy, in the second,
it represents the projection on the axis of the average

Red. energy, u(r,,)le or E/zpe
o

i 01 intermolecular potential energy that a single molecule feels when
ple embedded in the field oN — 1) molecules. The interaction in
Inte, i the condensed phase is witthearest neighbors (antll (— ¢
ec"'"ﬂfd-‘stance, 05@%“" —1) more distant neighbors), and that accounts for the signifi-
"’r’z’m% cantly deeper and sharper well which describes condensation.

Figure 1. Schematic projection of thendlimensional (per molecule) During the change from dilute gas to condensed phase,

potential energy surface describing the effect of intermolecular interac- P ESNTERMOL shifts to |°W?r energy, andf at |e&_15t eq_ual _
tion. The diagram is scaled to approximately represent methane importance the curvature in the intramolecular dimension is

methane interaction (Table 1). The LJ potential energy of interaction perturbed by virtue of the coupling between internal and external
is plotted against intermolecular separation in one plane, the shifts in degrees of freedom induced by intermolecular interaction. On
the position of the minimum, and the curvature of the symmetric CH condensation, one thus expects, and observes, small changes in

stretching mode is plotted in another. The heavy upper curve marked . . . .
o represents the gagas “pair’ interaction, the lower heavy curve the vibrational frequencies of the internal degrees of freedom.

marked B represents condensation. The lighter parabolic curves Many examples of such frequency shifts, albeit small, have been

show the CH stretch internal vibration in the dilute gas, the dimer, and studied spectroscopically. Increased curvature on condensation

the condensed phase. In each case, the first few vibrational levels,corresponds to a blue shift, decreased curvature corresponds to

Moy = 3143.7 cm! (dilute gas) are shown. At 300 IRT corresponds 3 red shift. Motions along the external degrees of freedom are

Lohgsi)/" of the oscillator zpe and210% of the LJ well depth (9as 5155 quantized but these necessarily correspond to blue shifts,
' because for these modes in the ideal gas reference &tate{

the molecular potential energy depends on the distortion of dRi2") = 0 for derivatives of all order.

various atoms or groups of atoms from their respective equi- To recapitulate, within the precision of the Bet@ppenhe-
librium configurations (internal degrees of freedom), and on imer approximation, properly calculated PESs are isotope
the position or orientation of the molecule itself (external degrees independent, but the quantized energy states of the motions on
of freedom). Figure 1 is a representation that shows the shiftsthe surface are isotope dependent because of isotopic mass
in intermolecular potential energy (less vibrational contribution) differences. Figure 1 illustrates the truism that the intermolecular

TABLE 1: Thermodynamic Properties, Oscillator Energies, and Shifts on Condensation for CH, and CD,, and H,0, and D,0,
Harmonic Oscillator Approximation 2

CH, CDs ref or note HO DO ref

Eintigas)= ENhovin1/2 + /(T — 1)] 118 592 87 529 32 53 889 39 768 34
Eintgiq = ENhovin1/2 + /(KT — 1) 118 141 87 168 32 52199 38 297 34
OEint= (Eint(gas)— Eint(iiq)) 451 361 b 1690 1471
AOEint 90 b 219
Eexi(gas)= ENNex1/2 + 1/(€KT — 1) 0 0 32 0 0 34
Eextiq) = ENhex{1/2 + 1/(€'9KT — 1)] 5991 5854 32 19116 17 658 34
6Ee><t: (Eext(gas)_ Eext(liq)) —5991 —5854 —19116 —17 658
AOEext —137 —1458
OEvap = OHvap — RT 7230 (7277) 33¢

T=111.7K

T=313.15K 40 745 (41 984) 35
AOEyap

T=111.7K —47 d

T=313.15K —1239 e
O€iiq = (Ggas* €iiq) = —OEint — OEex + 0Evap 12770 (12 770) cf 58171 (58 171) cf
666,12,96\5: (Ggasf fgas,dime) = Nk(flk)LJ,f‘rIZ 1197 (1197) 11¢ 3160 (3160) 11, g
0¢€6,12,gakd¢iiq 0.09 (0.09) f 0.05 (0.05) f
(d/kc)inTERMOL 0.2 (0.2)
vafem 2 44 96 g

a All values in (j molY), except for entries otherwise specifiédi = (gas— liquid), A = (light isotope— heavy isotope} (H — D). ¢ Parenthesized
values are not independedfThis is within 7% of the value obtained in ref 19 from the temperature coefficient of the \W/R4& j/mol. ¢ Within
6% of the value obtained from the temperature coefficient of the VPIE (Table 25, ref13),0 j/mol.f This work. 9 The value is that quoted in
ref 11 for the Stockmayer potential and does not include any contribution from H-bonding. It is therefore quite unredlistig.eq 53 of ref 28

with ¢ =10, m=6,n =12, s, = 1.2198 and &= 1.0092.
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interactions accounting for Ify(fg?) (upper curve) and lifigfg)* (fo/fg) or In(f/fg)*, goes through zero and changes sign. Thus,
(lower curve) differ not in kind, but in degree. One concludes at temperatures near either crossover we conclude it is rather
that [In(fy/fs?)] = (—VCIE) should be roughly proportional to  more useful to report ratios of each of theand B parameters
In(f/fg)*, and the constant of proportionality should be less than and not ratios of the overall effects.

unity (because of differences in the well depths and curvatures  comparisons of Experimental VCIE and VPIE Data.

describes the gagjas (dimer) interaction is “available” from  sets of isotopomer pairs) for which experimental data on both
fits of the second virial coefficient of the parent molecule, and \/c|E and VPIE are available-827:32:34.3750 \/irial coefficients
that for the condensed (liquid) phase can be obtained by have peen tabulated by Dymond and Srdfttancso and Van
combining measured energies of vaporization with the zero point ookt reviewed VPIE data in 1974. The VCIEs of two
energies of the condensed and ideal vapor phases. Typica"yvisotopomer pairs, @s/CeDe>® and CHOH/CH,ODSC are

for substances with attractive forces I|m|§8ed to the vdW rehorted at a precision too low to permit the data to be usefully
dispersion interactioripiver/econpensep™~ 0.1 epimer is the included in the correlations. Another two pairsyB, and Hé/

well depth of the potential describing the monomeronomer He4 are very light; quantum corrections are large and the

interaction in the gas, andconpenseo is the well depth thermodynamics are complicated by nuclear spin effects. These
describing the net (sum) of monomenonomer interactions systems will not be considered in this paper

in the condensed pr;ase (sge Figure 1). Figures 2 and 3 contain plots that compare low-temperature
Moelwyn-Hughes?’following Lennard-Jones and Inghah, ¢ ¢ 3/ AM with [In(f/f;2/AM = (—VCIE)/AM] for 19 of the
compares the effective intermolecular potential energy in gas remaining 20 pairs (nine different compounds). For the remain-
and liquid using the general fort(Ry2) = CraRyd" — Co/Ry2" ing pair, HCI /DCI, VCIE= 0 and a plot is uninformative:53
gg;;gﬁsléznnagjsgo&? ig?et?;g[%; iizva?hdrg gef:)bflga:zgt In every case, Iff/f;?) has been measured at appreciably higher
. , p_ . temperatures (sometimes well abagthan has Infg/fg)*, and
neighborsc = next-nearest neighbors, etc., and the average o comparison is effectively one between the least-squares

potential energy per molecule in a condensed systenN of )
_ N parameterd\. and B, deduced from least-squares fits offjh(
molecules becomagR;) = (siC1aRu2" — snC/Riac/2 where fg)* vs T, for T, < ~ 0.7 (eq 12b) and\, and B, from fits of

snands, are tabulated constants obtained from lattice or smearedln(fp/fgz) at higher temperature, sometimes Tor- 1. We have

lattice sums. Using the (ga$ gas= dimer) interaction as . M
reference, he finds the effect of condensation is to bring the E}h?sz()a/lﬁ] i)(;?rgs(?ntgri IEoSfmrteesrer?:a(t)i{)Eﬁé\)lvie Az';/rlzea;vea[rlg-that
molecules some 3 to 5% closer and to increase the wel depthdg/v?ations from the rulesgf thg eometric rﬁean well understood
by nearly an order of magnitude, at the same time increasing . 12_149 . !

in the case of the Ifi¢fg)*, and certainly expected for In-

the curvature at the bottom of the intermolecular well (i.e., ¢ 62 imply thi tation 1o b imate. H
increasing force constants of the equivalent harmonic oscillators,( o/fg"). imply IS representation 1o be approximate. However,
the rather large imprecision of VCIE measurements (as com-

ke > kg) and shifting the associated external frequencies o .
commensuratelywyve ~ (1/2.7}2 ~ 0.6, andvlv = (ki pared to _In(Jfg)_) _mtroduces an uncertainty larger than that
ke)(uolitq) ~ 0.4). In the condensed state, the average potential involved in dewgtlons from the rule of Fhe megn. In fact, on
energy is greater than the near pairs vala)éomer by 40 to the scale_ of the figures, only for the very Ilght_serles [CIEDy]

60% or more®39.31 These estimates are not claimed to be are deviations of VPIE from the geometric mean apparent
precise, but they do serve to establish the general features ofFigure 3a).

the effect. In additionand importantly for present purposes In Figures 2 and 3, one notes that in almost every case In-
one expects the net internal/external interaction that results in (f/fg?) is of the same sign and smaller in magnitude, yet
the ZPE shift of internal frequencies and that makes an importantcommensurate, with Ifffg)*. The virial coefficient data are
contribution to the isotope effects to scale similarly. Two consistent with the VPIE correlation expected from the discus-
examples (methaf@33 and watet*39 are given in Table 1. sion above. Both effects, VPIE angYCIE), In(f./fg)* and In-
Summing up, the arguments reviewed above lead us to expect(fy/fg), are subject to the same underlying theoretical principles,
In(f/fg?) to be roughly proportional to Ififfg)*; In(fy/fg?) ~ x and that is the most important point of concern in the present
In(fd/fg)*, with the proportionality constant ~ 0.2+ 0.136 A paper. (That in mind, we remark that it is unfortunate that almost
more detailed description of the application of the Lennard- all VCIE data lie at much higher temperature than do the
Jones Ingham model to molecules discussed in this paper isexperimental VPIE data used to definef{fig)*. We recommend
outlined in a later section. future VCIE measurements at lowEwhere direct comparison

The discussion based on the Lennard-Jones Ingham modelWith measured values of lig(fg)* obtained from VPIE becomes
strictly interpreted, refers to intermolecular modes only. With possible. Low-pressure/low-temperature VCIE measurements
modest generalization, we expect similar arguments to apply Will be difficult, but experiments in this regime should permit
to intramolecular modes as well. In that case, the intermoleculara more specific and detailed theoretical description dfig).
and intramolecular (external and internal) contributions to In- In Table 2, we report4,B) parameters of it to eq 6 for averaged
(f/f?) and Inf/fy)* should separately correlate with propor- In(fd/fg)*/ AM and In€y/f;)/AM data. In some cases, VCIE
tionality constantg(internal)~ y(external)~ 0.24 0.1. Most scatters badly, and it is impossible to define two parameters
commonly, however, internal and external contributions to In- with meaningful statistical precision. For H-bonded systems,
(f/fd and InfJ/fy)* are of opposite sign and are usefully the statistical quality of the two parameter fits is in excess of
described using the A,B formalism, egs 12a and 12b discussed= 0.9 (2 is the coefficient of determination,is the correlation
above. The ratio [Irff/f?)/In(f/fg)*] = [AJT? + By/TI[AJT? coefficient?), but the statistical quality of the hydrocarbon
+ BJT], is zero at the crossover temperature ferV(CIE), measurements is not as good. These caveats in mind, we
Tcross,p= —Ay/Bp, and is unbounded at the crossover temper- calculated [Infy/fg?)/In(fo/fg)*] ratios for A and B parameters.
ature for Inf/fg)*, Tcrossc= —AdBc. By crossover is meant  Despite large uncertainties, the averaged rafi@g/A: = Avcie/
that temperature at which one or the other isotope effect, In- Aypig)d= 0.4 £ 0.2 andl{By/B. = Bycie/Bvpig) = 0.3+ 0.2,
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TABLE 2: Review of Isotope Effect Data and Correlating Equations Used in This Papet

(=VCIE) = In(f/fs2) (VPIE) = In(fJ/fy)*
isotopic ~range b, range
pair ndp A/AM By/AM K cm? ref  AJAM BJAM K Terimicac® ref

Ar38/Ar4o 3 104 120/273 50 38 10.4 84/150 151 14, 22, 56
CH;F/CDsF 3 184 218/273 80 37 512 130/210 318 39
CH4/CHzD 4 ¢ 110/300 537 d
CH4/CH;D, 4 c 110/300 537 d
CH4/CHD; 4 c 110/300 537 d
CH4/CD4 21 ¢ 110/500 5,6,37d
CHy/ 33 233+40 —2.34+0.21 70.2 5,6,37 258 —2.89 90/120 191 14,32

all D isomers
CoH4/CoH Do tr 6 c 200/273 8,37 d
C,H4/CH,Dogem 2 c 200/210 8,37 d
C2H4/CoD4 13 ¢ 210/300 7,8,37d
C;Hy/all D isomers 21 9& 60 —0.91+ 0.26 117 327 —3.28 115/180 283 14
C;He/C:Ds 8 53+23 —0.74+0.08 210/520 78 7,37 140 —2.86 115/200 305 14
C(CHs)s

/C(CHg)3(CD3) 5 ¢ 345/510 7,37

/C(CHg)3(CDy) 6 c 345/510 7,37

/C(CHa)3(CDs) 6 c 345/510 7,37

/C(CHg)s(CD3) 5 ¢ 315/510 7,37
C(CHs)4all Disomers 22 10.25.1 —0.51+0.13 300 —-117 —1.42 257/293 434 14
NH3/ND3 7 2630+ 124 —543+0.34 298/473 22.1 37 5320 —12.2 218/273 406 14
CH;sNH2/CHsND> 9 1960+382 —2.70+1.00 298/540 80 37 5120 —11.8 218/298 430 14
CH;3NH,/CDsNH; 10 —642+ 150 0.31+0.30 298/515 80 37 —164 —2.38 218/293 14
CH;sNH,/CDsND- 8 340+ 44 —0.83+0.12 298/515 80 37 2100 —6.64 218/293 14
HCI/DCI 3 (-VCIE=0) 190/290 37,47 3910 —-17.6 160/225 325 46
H,0/D,0 11 4277 —6.14 473/723 24.6 49 16900 —35.2 273/423 647 14

aThe correlating equations in this table report smoothing equations drawn through the plots of VPAECHE data (see Figures 2 and 3)
according to eq 6. For VPIE, high experimental precision often requires a more elaborate form (refer to original literature) if fitting within the
experimental precision is desired. In some cases, poor precisicAMEIE) results in large uncertainties in A and B parametergip = no. of
data points¢ Fits to individual isotopomer pairs not available fef\(CIE). An estimate of the reliability of fit can be made by examining Figures
2 and 3.9 Fits to individual isotopomer pairs are available in the references. The precision of these VPIE~RA ismes that for£VCIE) and
in some cases require fitting equations that are more elaborate than eq 6. Large deviations from the rule of the geometric mean for the VPIE are
observed for the deuteromethanes, ethanes, and ethylenes. Detailed consideration of such higher order effects is not appropriate in comparisons
with (—VCIE) data which are of much lower precisiohilTcrimicaL refers to the common isotope.

TABLE 3: Review of Correlating Equations Used in This temperatures) is given in Figure 5. The figure plots experimental
Paper to Describe(T)? values of [Iny/f,?)/AM] vs [In(fo/fg)*/ AM]. An equation for the
gas A B C b reasonably good linear correlation is reported in the caption.
Ar0 137 142 ~4020 50 The correlations in Figures 4 and 5 are consistent with the
CHaP —794  4.36x 10 8.27x 107 80 general features of the Lennard-Jones Ingham nrSd@l.
CH, 1.53 175 —6460 70.2 Within the statistical error, which is large, the parameters lie
CoHa 1.79 221 —10700 117 within the expected range.
CoHs 1.49 363 —25700 78 In the Infd/fg)*/In(f/f;?) comparisons made in this section and
C(CHy)s 228 242 300 throughout the paper, it is important to keep several caveats in
NHs L7 384 22.1 mind. To begin, eq 5, widely used for interpretation of VPIE
CHaNH, 191 1ra 21 200 80 data when approximated with the A/B formalism eq 12b, is only
H0 0.950 717 —15900 24.6 ) . ; ’
valid at pressures low enough to igndP¥ correction terms
® Correlating parameters for log[%4(T) — b)] = A+ BIT + C/T2. (see egs 4 and 5). Similarly eqs 10, 11, and 12b which refer to

94(T) data from ref 37 for temperature range given in Table 2. The ,_ P P ;
units of S(T) and b, are cniimol b, from standard compilatior®. (—=VCIE) are limited to pressures where contributions from third

b These parameters for fit to{ SA(T) — b)] = A -+ BIT + C/T2 (rather and higher virial coefficients are negligible. In the present
than to logf-(<4(T) — bo)]). context, however, we are comparingffg?) and In/fg)* at
pressures and temperatures low enough to avoid such complica-
are consistent with the expectations of the model. We believe tion. This we have accomplished by restricting the VPIE data
that the large uncertainties observed for these ratios are aused to define Irif/fg )* to low temperature and low to modest
consequence primarily of experimental uncertainty in the VCIE pressure, Iff/f))* = AJT? + BJ/T ~ VPIE, comparing with
data. This matter is more thoroughly discussed below in the (—VCIE) at higher temperature, but still low to modest pressure,
section Discussion: General Remarks. In(fo/fg2) = AT2 + By/T. In this fashion, we avoid all regions
Figure 4 shows another test of the correlation betwedyd In(  of the phase diagram with lard®/ corrections for either phase.
fg* and [-VCIE]. Here we compare Ififfs?) near the midrange ~ The comparison that interests us is that between the linear
of measurement, 1Tg, with In(fo/fg)* at the boiling temperature, ~ combination of temperature scaled fitting parametefg/TP
Tp. The correlation line is [Irfy/fg?)]1.51o = 0.165[Infc /fg)]tv- + BJ/TY[AJT? + By/T], always at low or modest pressure.
0.00103,r2 = 0.77. The point with the largest deviation from In no sense can or do we claim to directly compare vapor
the line refers to the methane/deuteromethane system, whichpressures and VPIEs, with virial coefficients and VCIEs, at
includes the molecules most sensitive to rotational contributions temperatures near or above the critical temperature, or at high
(A term). A more direct comparison (since it refers to identical pressure.
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Figure 2. Comparisons of Iff/f;?) = (—VCIE) and low-temperature VPIE data, fgfy)*, T/Tcrimica < ~0.7, for some non-hydrocarbons. In-
(fo/f;?) data points are shown as the large symbols. Smoothed valuesfféfg)inére plotted as solid lines, the heavy portion of which shows the
range of the original data selected to definddfif*; the lighter portion, a guide to the eye only, is obtained from eq 6. In every casgfg)n(
experimental data are far more precise thafyfigf), see Table 2. Parameters of fit to fffg)*, In(f/fs?), and literature citations are reported in
Table 2. (a)*¢Ar/*Ar, (b) CHsF/CDsF, (c) HO/D,0, (d) NH/ND3, (€) CHNH/CH3ND, (f) CHsNH/CD3NH,. Not included is a diagram for
CHzNH,/CDsND, because within experimental precision bothMCIE) and VPIE for this pair are given bf{CH3NH,/CDsNH;] + [CH3NH/

CH:ND,]}.
Discussion Approximate Model Comparisons of In(fy/fg? and In(f¢/
fg)*. Argon Consider the interaction of two monatomic (argon)

General Remarks.The ratio, [(In€y/fs?)/In(fd/fg)*] ~ 0.4+ : .
0.2, observed for a wide series of compounds (at temperaturesatoms in the gas (eq 13a) or the condensation of one atom (or

well removed from either crossover) is consistent with that mole) of argon (eq 13b),
expected from the Lennard-Jones and Ingham mod@l2 + _ _
0.13036 Both In(f/fg)* and In(fy/fg?) depend on temperature in (@) 2Ar (9)= Ar,(p) (b) Ar(9)=Ar ()

a complicated fashion, IR(pie or vcig) = A/T2 + B/T. For many ) ) )
compounds, théd and B terms are of opposite sign but of O monatomic argon, there are no internal frequencies, so eq

commensurate magnitude: in these cased® Bmounts to a 122 for In€y/fy?) and its analogue eq 12b for fgifg)* reduce to
small difference between much larger terms. It is this difficulty, ON€-term expressions

compounded by experimental uncertainty in the VCIE data,

which probably accounts for the major part of the error in the (@) Inf/f,”) = AJT? and (b) In{Jf)* = AJT?  (14)
correlations reported above. Further progress in refining ideas
concerning the comparison betweerfdfi)* and In(f,/f;?) awaits

(1) improved VCIE data of high precision, extending when Now compare gasgas dimerization (eqs 13a and 14a) with
possible to temperatures which overlapfdtig)* and/or (2) condensation into the liquid “lattice” (eqs 13b and 14b). On
detailed spectroscopic information on pressure broadening andthe left of eq 13a, 6 translational degrees of freedom (unhindered
pressure shifts of isotope sensitive vibrational frequencies. Theand thus corresponding to null frequencies) yield, on the right,
spectroscopic data should permit detailed calculatioByof 3 gas-phase dimer translations and 2 dimer rotations (null
Bvcie using well established methods successfully developed frequencies), plus 1 internal dimer vibration. We follow
for the interpretation of VPIEE14.16-18 Moelwyn-Hughe#® in using the harmonic approximationg

(13)

In each case, thB parameter is zero.
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Figure 3. Comparisons of Irff/f;?) = (—VCIE) and low-temperature VPIE data, fg;)*, T/Tcrmica < ~ 0.7, for some hydrocarbons. fgf,?)

data points are shown as the large symbols. Smoothed valuesffffg)hére plotted as solid lines, the heavy portion of which shows the range
of the original data selected to definefif()*; the lighter portion, a guide to the eye only, is obtained from eq 6. In every cag#gJhexperimental
data are far more precise thanflffi?), see Table 2. Parameters of fit tofiyffg)*, In(fy/f¢?), and literature citations (when not specified below) are
reported in Table 2. (a) Methane/deuteromethanesy/@H4D (circles), CHJ/CH,D, (squared, CH,/CHD; (triangles), and CH/CD, (diamonds,
hexagon$;} and squaré$. The four separate curves for fdfy)*, (reading down, in order) CHCHzD, CH4/CH,D,, CHJ/CHD3, and CH/CDs,
demonstrate well understood large deviations from the rule of the geometric3{&uC,He/C2Ds. (c) C;HA/CoD,4 (squaresand triangle®, CHa/
trans-GH.,D, (hexagon® and GH4/gem-GH.D; (triangles). (d) C(CH)4/C(CHs)3(CDs) (hexagons), C(CkJs/C(CHs)2(CDs), (triangles), C(CH)4/
C(CHg)(CD3); (diamonds), and C(CHW/C(CDs), (circles).
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Figure 4. The correlation of Inf/fi?) = (—VCIE) near the midrange . . N
of its measurement{1.5Tp) with In(fo/fg)* at the boiling point,T,. The Figure 5. The corre_latlon OI Ing/ty") = (~VCIE) across the range of
linear correlation line is Ifgf;?)1.51 = 0.165 In/fy)* 1, — 0.001032 its measurement with If(f;)*/ AM at the temperatures of the experi-
=077 97 ' 9 ' mental VCIE measurements. The correlation line is,faf) = 0.49

In(f/fy)* + 1.2 x 1073, r2= 0.6. Open circles= argon; darkly shaded

. circles = CH3F/CDsF; small squares= methanes; lightly shaded
= 1(27)(kplup)’? with 1jug = 1/my + Limp = 2/m, wherem triangles= ethanes; small diamonds ethylenes; shaded hexagons
refers to the masses of the two interacting atoms (both the same)neopentanes; large inverted triangleammonia; large inverted crossed
and «p is the force constant taken from the curvature at the triangles= methylamines (CE); upright dotted triangles= methy-
bottom of the well. For condensation, 3 degrees of gas-phasel@mines (NDR); upright open triangles= methylamines (CEND);
translational freedom on the left go over to 3 hindered lattice cr0ssed shaded circles H,0/D:0.
vibrations. The vibration is now against the lattice ang. . i
1/my + LMatice = 1/m. In either casex is the force constant condensed phas_e at_om, which, w_e assume_, suitably average to
describing the curvature at the bottom of the well and= m; vc), S0 the contribution to Iiff)* is proportional to 3> =
= mare the masses of the interacting particles. Again, following 3(2.7 & 0.3 With the use of an experimentally available
Moelwyn-Hughes® as outlined in refs 30 and 31, we obtain frequency®for Ar; (Table 3 of ref 53) and the equations above
ratios of force constants and squared frequencigs, = 5.3 and in refs 28, 30, and 31, one obtainsi?) = [-VCIE] =
+ 0.6 and po/vy)2 ~ 2.7 + 0.3, to sufficient precision. In the  (1/24)hdk)*(v,/T)(1-36/40) = 6.3/T> per pair so Infy/fg?)/
dimer, there is one frequency per pair of atoms. It is small (vide AM = 1.6/T2. Also, from the development above, fgfy)* =
supra), and the high-temperature approximation is appropriate.3(2.7 & 0.3) Infy/fs?) = (46 & 5)/T?, (In(f/fg)*/ AM = (12 £+
In(fo/f4?) is proportional tov,2. In the condensed phase, there is  1)/T?). The value extracted from the Lee-Bigeleisen experimental
a band of hindered translational frequencies (3 from each dat2®is AJAM = 10.4 K2, and is in reasonable agreement with
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TABLE 4: Parameters Employed for LJ Estimates of
Ap/AM = A(_\/C|E)/AM and AC/AM = AVP|E/AM for Four
Systems

(€/k) Vp Ve A(—VC|E) AvpiE
system K o/A cm?! cm? K? K2 remarks
ArSé/Are® 1187 3.47 26 1.6 a
47+5 12
expfs57 26 41 10 10
methane/
deutero-
methanes
calc () 148! 3.821 44 44 113 238 a,b
n 44 72 288
expt 75 233+ 40 258
C2He/C2Ds
calc (I) 243* 3.95' 40 69 42 132 ac
@ 90 132
expt 53+ 23 140
CoHd/
deutero
ethylenes
calc (I) 199* 4521 33 57 38 94 ad
n 74 206
expt 97+ 60 327

2 See text for a thorough discussidrCalc. | and Calc. Il differ in
the treatment of the rotational contribution for the gas dimer, see text.
¢ Calc(l) v(rot,dimer)= v(tr,dimer),ov(int rot) = 0; Calc(ll) as Calc(l)
exceptov(int rot) = dv(int rot, liq) = (290-278). In either case, there
is rough correspondence between vpie and (-vcie) and the model.
d Calc(l), v(rot,dimer)= v(tr,dimer); Calc(ll) as Calc(l) except(R,)/
v(Ry) = 2.1 which was the value used in VPIE liquid-state calcula-
tions14

this estimate, 12 K Presumably, proper consideration of
anharmonicity in the LJ calculation would improve the agree-
ment.

It is interesting to compare experimentally available frequen-
cie$® for Ar,. The observed frequency for the lowest transition
isv10=25.74 0.5 cnTl, but the potential is highly anharmonic,
(for instancev,; = 20 cnT?l). Using LJ parameters from
Hirschfelder, Curtiss and Bitd (Table 4), we calculate, ; =
30 cnttin good agreement with 25.7 crh but that improves
(vLy = 26) with use of the more recent valuefk = 117.7 K
ando = 3.404A, of Fischer et & For the condensed phase,
still following Moelwyn-Hughes®-3! one obtains (42< v.<
52 cnt?l); the range is determined by the choice of coordination
number and lattice employed in the calculation outlined in
footnote 27. An experimental estimate foris available from
In(f/fg)* derived force constants reported by Lee and Big-
eleiserk® One obtains temperature-dependent effective harmonic
frequencies. = 41, 40, 36, and 24 crd at T = 85, 95, 120,
and 150 K (critical point), respective®}:5° Thus, there is
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initiate further studie® that will compare quantum corrections
to [-VCIE] for LJ and other potentials using various methods,
including those first introduced by deBoer and Mich&lSo

far as the harmonic approximation is concerned, however, one
expects approximately the same reliability for values calculated
from an LJ potential for both Ifgfg?) and In€c/f)*. (VPIE)ex
perimental IS well established by measurements from several
laboratorie¥* and is in reasonable agreement with calculation.
We estimate the precision of the harmonic LJ calculation for
In(fo/fg)* to be good to within a factor of2. In(f/fg)* is reliable

to ~5% or better in the temperature range of the experimental
VPIE data, (-85 < T/K < ~125), less reliable at higher
temperature (21 T/K < 273) where the comparison with
In(fo/fg) is made. Even so, Ifffy)* is certainly established at
high temperature to well within a facter2. The error bars in
Figure 2a correspond A% = 4 0.2 cn¥/mol.

Methane/Deuteromethandor molecules with structure, one
expects significant contributions to fplfg?) from both external
(dimer) and internal (vibrational) modes, as was true foi/in(
fg)*. The (LJ) development outlined above applies only to
external modes, and the following discussion is limited to that
part of the problem, comparing/T? (eqs 6 and 12) obtained
from measurements of VPIE ane Y/ CIE) with each other and
with values obtained from the LJ calculatioi¥$°31There is a
large isotope effect on the moments of inertia of the deuter-
omethanes, and rotational effects are expected to be important.
In that context, consider dimerization of methane, 2Cfke)
= (CHy) (dimer). As before, 6 translational (null frequencies)
and 6 rotational modes (null frequencies) per pair of dilute gas
molecules yield 3 dimer translations and 3 dimer rotations (null
frequencies), plus 1 methanenethane dimer stretching vibra-
tion, 1 methanemethane torsion, and 4 dimer methane
methane bending modes (perhaps better described as hindered
internal rotations). The bending modes are presumably charac-
terized by G matrix elements that are more nearly proportional
to 1/ or 1Agep than the 1M or 1/« dependences that describe
the methanemethane dimer vibration or condensed phase
hindered translations. In summary then, 12 external degrees of
freedom per pair of molecules in the dilute gas (null frequencies)
yield 6 null frequencies and 6 real frequencies in the dimer.
For the dimer vibrationyg = 1/(27) (r/u)Y?; 1iu = 1y + 1/
= 2/m (mis the mass of the methane molecule), while for the
internal rotational modes IHep ~1/1; + 1/1; ~ 2/l andvgot ~
1/(27)(2«/1)Y2. Compare this result with that for condensation
where the 6 degrees of translational and rotational freedom per
gas-phase molecule go over to 6 hindered lattice vibrations. As
for argon, we takeif/vp]2 ~ (2.7 + 0.3) to sufficient precision.

In the gas dimer, there is one vibrational frequency per pair of

reasonable agreement between the LJ estimated and thenglecules, and five hindered rotational frequencies (bending

“experimental™v¢'s at low temperature~47 + 5 vs 41+ 2
cm™ 1) and also at higher temperature48 vs 24 cm?). The

former comparison is between the LJ estimated condensed phas

frequency and the Lee-Bigeleisen low-temperature liquid fre-
quencies, while the latter is between the LJ dimer frequency

and the Lee-Bigeleisen value at the critical point. The agreement

modes) per pair. The contribution to fgffg?) is proportional to
%vz(vib, dimer) + 5v(rot, dimer)]. In the calculation of Ifi

o)*, we consider 6 external frequencies per molecule; the
contribution is proportional to [&(vib, lattice) + 3vZ(rot,
lattice)].

between the lattice frequencies of the condensed phase calcu- 1he numerical calculations using LJ parameters from Hir-

lated using the LJ model, i.e., thgs, and those obtained from
interpretation of the Irf§/fy)* data is reassuring. It confirms the
validity of the present approach. However, it is puzzling that
the value for Infy/f¢?) calculated from the LJ dimer frequency
in the harmonic approximation (eq 12a and Table 4), crude
though it may be, differs appreciably from experimental
measuremer® That difference is worrisome. It has led us to

schfelder, Curtiss and Bitlare summarized in Table 4. Those
calculations and the following discussion are limited to con-
sideration of theA/T? contributions to Infy/fg?) and Infd/fg)*.
One obtaingry(vib,CHs) = 44 cn't, which, assuming(rot)
= vy(vib) yields Inf/fcryco, = (L/24)0dK2y L —
16/20)+ 5(1 — 1/2)] = 452/T?, or In(f,/f;)/AM = 1132 We
have followed Bigeleisen Craig and Jeevanantfam taking



9294 J. Phys. Chem. A, Vol. 105, No. 40, 2001 Van Hook et al.

v(vib) ~ v2(rot). Turning attention to Irf¢/fg)*, we obtain, In- (h) Water BO/D,O. Large A and B terms result from
(flfg)* = (2.7)(1/24)hc/k)2(v;,/'|')2[3(1 — 16/20)+ 3(1 — 1/2)] H-bonding in dimer or liquid. These effects cannot be properly
= 95072 or In(f/fg)*/ AM = 238/T2. The liquid frequency treated using LJ analysis.

obtained from the LJ calculation is ((24# 0.3)44)12 =72 +

4 cniL, which is in good agreement with the BCJ values, Conclusion

(vib) = 77 cnr* aznd ve(rot) = 72 cnT. Even so, the value Isotope effects on the vapor phase second virial coefficient
obtained for Infy/fg”) from the LJ analysis, KAM = A(-vciey/ and on vapor pressure share a common origin. They are
AM = 113K?, is not in good agreement with experiment, 233 approximately proportional to one anotherfifi2) = (—VCIE)

+ 40 KZ it is too small. As in the case of argofs ~ A, and = (0.4 + 0.2) In(f/fy)*, provided the comparisons are made
that observation is difficult to rationalize. In any case, using a not too close to either crossover temperature. Bothyfi?) and
somewhat different set of assumptions, takig@ib) ~ 44 cni In(f/fy)* depend on temperature in a complicated fashion; In-

as before but assqming(rot) ~ vg(rot) =72 cn1, one_obtains  (fJfy)* or In(fy/f2) = AIT? + BIT. For many compounds, the

AJAM = 288 K2, in somewnhat better agreement with experi- and B terms are of opposite sign but of commensurate

ment. The “external” contribution _in methane i_s large. The magnitude, and in such casesfifig)* or In(fy/f;?) amounts to

agreement between the LJ calculation and experimerAder a small difference between much larger terms and may be either

Avpe is gratifying, but the use of “liquidliike” rotational  positive (normal) or negative (inverse). Ordinarily, the A

frequencies to calculai®, = Avcie is unpalatable even though  contribution results from quantization of the overall motions

the result is reasonable. of the molecule of interest (external modes) upon transfer from
Brief Comments, Other Species: (a) Methyl FluoridesEH the gas phase to the condensed phase or interacting vapor pair

CDsF. [—VCIE] is small and positive. The liquid-phase and is positive. The formalism developed in this paper to

frequency, 55 cmt, obtained from the LJ parameters, compares compare Infi/f)*, referring to VPIE, and Infy/fs?), referring to

with Ishida’$® value ~80 cntl. The temperature dependence (—VCIE), treats the (vapor monomer n-coordinated liquid)

of In(f/fg)* is large, and Ishida and co-worké?sntroduced and (vapor monomes vapor pair) equilibria analogously and

temperature-dependent external frequencies which they at-focuses attention on their common origin.

tributed to specific directional interactions, dampeningTas

increases. (Indffy )* for H/D IEs of methyl fluoride is of Acknowledgment. Research at The University of Tennessee

opposite sign and~3 to 4 larger than that for typical =~ Was supported by the Ziegler Research Fund.

hydrocarbons;- +0.03 or+0.04 per D as compared to typically ) )

—0.01 per D). The VCIE data are at high&r but similar Appendix A: The Genesis of Egs 6, 10, and 12. The A/B

considerations apply. Because of the specific nature of the Equations

interaction, an LJ model calculation is inappropriate. In 1963 Stern, Van Hook and Wolfsbéfgpresented a

(b) Ethane GH¢/C.Ds. There is reasonable agreement be- formalism for the calculation of VPIE from input data that
tween InfJ/fg)*, data and the LJ model, but this is dependent includes complete force fields (or frequency data) for the ideal
on setting the contribution of the internal rotation in the gas- gas and condensed phases, and that approach has been extended
dimer partition function ratio equal to its contribution to the to the VCIE in the present paper, in which case the spectroscopic

gas-liquid ratio. (See Table 4). data (or the equivalent force constants and force constant shifts)
(c) Ethylene GH4/C,D4/C;H,D, (Table 4). Again, there is  referto the ideal gas and gas phase dimer species. The formalism

reasonable agreement betweeridfy* and Iny/fy?) data and is usually presented in the harmonic approximation. Generaliza-

the model calculations. tion to anharmonic force field appears possible, albeit compli-

cated. In the gas, the partition functions for translation and
rotation are evaluated classically, and no vibratiostation
interaction is assumed. The type of calculation we are doing is

to warrant a two parameter fit. Tha&, < O (Table 2) most S : . .

. - X . . often referred to as a rigid-rotor-harmonic-oscillator calculation.

likely indicates that the methyl torsional motions red shift on o . L -
The reduced partition function ratio in the gas for a nonlinear

condensation to the liquid. For the gas-phase dimer, the reducedn_a,[Om molecule is then
masses and moments of inertia are large #(lf) < (By/T);

the bulk of the VCIE is due to the shift in internal frequencies. _ , Loy ,

Itis not useful to pursue the LJ description of the external mode (Slsl)fg = (Qom/Qom(Qer/Qel) = (Quis, o/ Quis.om)/
contributions. ' 3n-6 '

(e) Ammonia NKEND3z and Methylamine CENHy/CH3ND.. (Quis.cL/Qug.cL) = I_l [u/ul[{expC-ur2)/
Large A terms result from H-bonding in the dimer or liquid (1 — expCw)}{expli/2)/(1 — expt-u))} (A-1)
states. The LJ formalism is not useful because dispersive
contributions are overwhelmed by large directionally specific whereQuig,qm is the quantum mechanical, and,g;, is the

(d) Neopentane C(C¥/C(CHs)sCDy/ C(CHs)z(CD3), /C-
(CH3)(CD3)3/C(CDs)4. The VCIE data are not precise enough

H-bonding contributions. classical vibrational partition function
(f) Methylamine CHNH,/CD3sNH,. The sign of theA terms

is negative, and this is unexpected. It most likely indicates sn—6

a red shift for the torsional motion of the Gigroup in dimer ~ Quis.om = |_| exp(-u/2)/(1 — exp(-u))

or condensed phase relative to the dilute gas due to H-bonding 3n-6

at the other end of the molecule. The LJ contribution is QuicL = I_l (1) (A-2)

unimportant as compared to the consequences of the H-bond-

Ing. andu; = hei/KT, v; is theith normal mode vibrational frequency
(g) Methylamine CBENH2/CD3ND,. To within experimental in wavenumbers. At low rotational temperatures, a correction

precision, the effects are those calculated assuming additivity for nonclassical rotation may be necessary. In egjghds are
(D5 = D3 + D2). symmetry numbers, which have been dropped from eqgs 3
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Figure 6. In(P'/P) = VPIE and In{/fy) for some systems where measurements of vapor pressure and molar volume and virial coefficient corrections
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have been made over most of the ran@igbLe < T < Tcrimical)- In each case, the filled squares designat&/fg)( the filled circles designate
In(P'/P). (a) GHe/CsDs (ref 50). The heavy solid line is the least-squares fit to data extending across the entire temperature PatR)es 1B/T

— 218/T.. On the scale of the figure, it cannot be distinguished from the fit to the low temperadiliegfica. < ~0.7) data only (b) (Ck.CO/
(CD3),CO (ref 50). The lighter line is the least-squares fit to data extending across the entire temperature RYRe=Iri(05/T,> — 307/, the
heavier line is the fit to the low temperatur®Tcrmca. < 0.7) data, InP'/P) ~ In(f/fg)* = 1132 — 324/, (c) H,O/D,O (ref 50). The lighter
line is the least-squares fit to data extending across the entire temperature rai¢fe) #a(756/T,> — 980/, the heavier line is the fit to the low
temperature /Termicae < 0.7) data, InR'/P) ~ In(fo/fg)* = 819/ — 11121,. (d) 36Ar/*Ar (refs 22, 61). The lighter line is the least-squares fit
to the low temperatureT(Tcrmicar < 0.7) data, InP'/P) ~ In(f/fg)* = 19.8T2, the heavier line is a two parameter fit to that same data /i(

~ In(f/fy* = 15.9M2 + 1.3/TA.

through 10 for economy of notation since they do not impact — u)¢/2)], M = [(1 — exp(—u)c or /(1 — eXp(=Ui)c or PJ/[(1 —

present considerations.

exp(—u)g)/(1 — exp(—ui)g)], andN = [ui/ui]c or p [EXP(UI — )/

In the condensed or vapor pair states, we choose a simplified2)]c o p [(1 — exp(ui))/(1 — exp=u))lc or p
model that assumes an average condensed phase molecule with A common approximation makes use of the fact that very

3n degrees of freedom, or interacting pair with 2*8egrees
of freedom. The (8 — 6); or 2(31 — 6), internal vibrational

often the 3 normal modes per molecule fall neatly into two
groups. The first group contains the high frequenagjes1 and

modes are treated in strict analogy to the gas phase, and thenay be treated in the zero point energy (low temperature)
remaining external degrees of freedom (6 for the condensedapproximation because excitation factors for these frequencies
molecule, and 12 for the dimer, but 6 of those are null all approach unity. The second group contains only low

frequencies) are assumed to be subject to harmonic restoringrequencies and is treated in the high-temperature approximation.

forces. These assumptions yield
3n
fo= |_j [u/u] [{expCu/2)/(1— expCw))} {exp(-u/2)/
(1 - exp-u)}l. (A-3)

3n—6 6

fclfg = (LCM() * [l (Nc) (A'4)

and

2*3n—6

b= [] [Wildexptw/2ia- expt-u)y
{exp-ul2)/(1— exp(-uW)}], (A-5)

2*3n — 2*3n —

flfy = l_tl 6(l-de) !_tl 6(Nd)

whereLc or p = [(Ui/Ui)c or f(Ui/U))gl[eXP((Ui — Ui)c or p2)/EXp((i

(A-6)

For the low-frequency group, one employs the expansion of
In(f) in even powers of1.12

Inf,= Z (=1 "By 4(u? =y [2D@EN] (u < 27)
low fregs

nf="S In() (A7)

The B’s are the Bernoulli number®; = 1/6, B, = 1/30, etc.
As is well-known, the logarithim of the harmonic oscillator
partition function in the zero point (low-temperature, high-
frequency) approximation reduces w?, so the contribution
from the high-frequency group is of the form

Infyon = ; U—-wz u>1) (A8
Freqtjencies

With proper reorganization and labeling, and using just the first
term of the expansion in eq 7, one obtains (recognizing that six
of the external dimer modes are null frequencies)
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5
In(f/f%) = AJT? + BT = (1/24)hdkT) Z [(v? —
Viz)Bend,Int. Rol T (Vi'Z - ViZ)LJ} +
2(3n— 6)
(1/2)(akT)( z [(vi — Vi)p —i— Vi)g])INT (A-9)

The analogous equation for fglf)* is obtained from eqgs A-5
and A-6,

In(f/f)* = AJT? + BJT =

6
(120)0KD Y [0 = v )exr atice moseke +
(3n—6)

@W2)0akT( S [ = v)e = (¥ = v)Dir (A-10)
Equations A-9 and A-10 are egs 12a and 12b of the main text.

Appendix B: The Behavior at High Temperature

Kooner and Van Hod® have examined the behavior of eq
4 (slightly modified) asT and P increase toward the critical
region.

In(f/f) = In(P'IP) — (P'V, — PV)/RT+
WRD) [ [FodP— [TadP] (B-1)

The third term on the right is the correction for vapor
nonideality, which at lower pressures can be conveniently
reexpressed using the virial expansion.

[[FodP— [TadP)RT= (LRT)[ [¥(V— RTPYdP —
[V = RTP)P]~ [(6, P + (1/2)6,P?) — (6,P +
(L12)6,P?DIRT) (B-2)

which is the form used in eq 4. At high pressure, however, the
virial expansion is not useful; too many higher order terms are
required, and close to the critical pressure the formalism is not
useful at all. The authot$reported new data that extends to
the immediate vicinity of the critical point forgElg/CsDs, CHs-
CO/CDsCO, and CHOH/CH;0OD, and examined literature data
for CHy/CD, and HO/D,O. Figure 6, panels a, b, and c,
illustrate their comparisons of Ifafg) and In@'/P) for three of

Van Hook et al.

is written for each of the isotope dependent frequencies or
frequency shifts, (d Imig/d InViiq)i = vi, wherey; is a parameter.
These methods have been thoroughly reviel#éd>8In a more
general formulation, Bigeleisen and co-workers reviewed the
use of isotope effect studies to establish the mean square force
in simple liquids and to calculate the mean force constants of
the rare gases and the rectilinear law of mean fé¥é&This
author and co-workers conclude that in the approximation where
excess effects on mixing of isotopes are neglected liquid/vapor
isotope fractionation factors, laf, are expected to scale as In-
(fd/fg), and this persists to the critical po#itThis is consequent

to the proportional scaling ofV2U(and thus theA and B
parameters as well) with orthobaric density.

The present interest, however, lies not in the high-temperature
orthobaric approach to the critical pressure but in the properties
of the low-temperature liquid. The approximationRiP) ~
In(fd/fg)* = A/T? + BIT for T, < ~0.7, withA andB calculated
in the harmonic approximation using eq 10, makes use of the
observations that the expansivity of the low temperature liquid
is small and the vapor is nearly ideal. Over the temperature
ranges specified in Table 2, typically0.5 < T, < 0.67), the
liquid expands by~10%53 The use of temperature averaged
A. and B; over that range is warranted for present purposes,
and this conclusion is supported by the statistical quality of the
In(P'/P)* = AJT2 + BJ/T fits shown in Figures 2, 3, and 6, and
reported in Table 2. At the temperatures of interest torus;
~0.7 pseudo-harmonic corrections, while important for the
understanding of isotope effects on excess free energies of
mixing, and for rationalizing certain fine points of interpretation
of VPIEs, are smaft#17.18
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