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Third-law gas-phase statistical entropies are computed for a variety of closed-shell singlet state
species using standard formulae based upon canonical partition functions. Molecular parameters are
determinedab initio, and sensitivity analyses are performed to determine expected accuracies.
Several choices for the canonical partition function are examined for internal rotations. Three
general utility procedures for calculating the entropies are developed and designated E1, E2, and E3
in order of increased accuracy. The E1 procedure adheres to the harmonic oscillator approximation
for all vibrational degrees of freedom other than for very low barrier internal rotations, these being
treated as free rotations, and yields entropies to an accuracy of better than I!'Xmbifor
molecules with no internal rotations. For molecules with internal rotations, errors of up to 1.8
Jmol K™ per internal rotation are observed. Our E2 procedure, which treats each individual
internal rotation explicitly with a simple cosine potential, yields total entropies to an accuracy of
better than 1 Jmol K™! for species with zero or one internal rotation, and better than 2 J
mol~ 1K~ for species with two internal rotation modes. Rotor—rotor coupling is found to contribute

on the order of 1 J moft K~ for a third-law entropy. Our E3 procedure takes this into account and,
with the aid of newab initio two-dimensional torsional potential energy surfaces of state-of-the-art
accuracy, improves the accuracy of the predicted entropy for species with two internal rotation
modes to approximately 1 J mdiK 1. © 1997 American Institute of Physics.
[S0021-96067)50616-1

I. INTRODUCTION AH*+B—A+BH". 2

Absolute third-law entropies for gases, as calculatedThe single-temperature experiments massumea value for
from spectroscopic data, have found common use as an ag-Sin order to determindH, while the variable-temperature
curate means of computing gas-phase reaction entropiesxperimentproducea value forAS from the van't Hoff plot
There are several sources available which list standard entrof In K versus inverse temperature.
pies for a multitude of neutral compounds computed in this  Theory has also been able to make a valuable contribu-
way!~3However, for many molecules, and particularly ions, tion to the study of the thermodynamics of proton-transfer
spectroscopic data are not available, and hence firsteactions. For example, extensive recent stdfiiéd have
principles thermodynamic results cannot be obtained in thislemonstrated excellent agreement between experimental
manner. proton affinities and values calculated at the G2 level of

An alternative source for reaction entropies comes ditheory* and some of its simplified variants. There remain
rectly from measurements of the temperature dependence sbme discrepancies among experimental results for enthalp-
equilibrium constants. This has been particularly importanies and entropies of proton-transfer reactions, however, sug-
in the area of gas-phase ion chemistry. For example, recegfesting that a parallehb initio investigation of absolute
extensive experimental effofsee for example, Refs. 4}9 third-law entropies of gas-phase molecules and their proto-
has been directed towards obtaining scales of gas-phase pwated cations would be quite useful.
ton affinities, i.e., enthalpy changes for reactions The present study examinab initio procedures and sta-

AHTSALH* (1) tis_t?cal thermodynamic models_ th_at might be used in general

utility procedures for the prediction of molecular entropies.
and entropies play an important role in the analysis. The twa\t the one extreme, we aim to develop a modgl) that
principal experimental procedures for obtaining the quantitaproduces entropies of reasonable accuracy at minimal cost
tive data required for setting up proton affinity scales bothand which therefore should be capable of widespread appli-
involve measuring the equilibrium constart)( for proton-  cation. At the other extreme, we aim to develop a meE8)
transfer reactions of the type that produces entropies of high accuracy at reasonable cost,
that would be suitable for more demanding situations. In a

apresent address: Steacie Institute for Molecular Sciences, National R&OMpPanion study, we €xamine the application of these mod-
search Council, Ottawa, Ontario K1A OR6, Canada. els to proton-transfer reactions.
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6656 A. L. L. East and L. Radom: Computation of third-law entropies

The theoretical methods used in the present work ar@he rigid-rotor-harmonic-oscillatotRRHO) approximation
presented in Sec. Il. In Sec. lll, sensitivity analyses are peris assumed for all rotation and vibration modes, except for
formed, and in Sec. IV the results of various statistical therinternal rotation modes for which various models were em-
modynamic procedures are presented. In Sec. V, the thrggoyed. The harmonic oscillator produces poor and funda-
general-utility procedureEl, E2, and EBselected for com- mentally incorrect results for the entropy of an internal rota-
plete first-principles computation of third-law entropies aretion mode when the barrier to rotation becomes vanishingly
described, and general conclusions are presented in Sec. \éimall (extrapolating to infinite entropy when the barrier
drops to zerh Internal rotations are therefore treated not
only with the harmonic oscillator approximation, but also
with other models using the excellent machinery provided 50

Standardab initio molecular orbital calculatiolwere ~ Years ago by Pitzer and co-workérs;” as discussed in
performed at a number of levels of theory, using variougmnore detail below. Since all species in this work have
versions of thesaussiant®!? and MoLPRO™ codes. straightforward closed-shell singlet electronic structures,

In the section of this work dealing with explorations of €lectronic contributions to the entropy were neglected.
levels ofab initio theory, a variety of one-electron atomic- Nuclear spin and isotopic effects are generally neglected as
orbital basis sets and levels of electron correlation were inwell, with the most abundant isotopes, e §C'®0, being
vestigated. Of the eleven Gaussian basis sets which wet&ed unless otherwise discussed.
tested, eight sets are due to Pople and co-wotk&rang-
ing from 6-31G() to 6-311+-G(3df,2p)] and three sets are

Il. THEORETICAL METHODS

. 4
due to Dunning and co-workers’ (cc-pVDZ, aug-cc- |1 SENSITIVITY ANALYSES
pVDZ, and cc-pVTZ. Thed andf shells in all basis sets
contain five and seven functions, respectivélg., no super- Exploratory analyses were first carried out to determine

numerarys or p functions are presentexcept ford shells (i) cost-effective levels ofb initio theory to use for the
appended to the 6-31G sets, in which case Cartesiasefs  determination of molecular parameters, digl the kind of
are standard. accuracy one can expect from them. Fortunately, only mod-

Beyond the molecular orbital approximation of Hartree—erate levels of theory are needed to reduce the errors in en-
Fock (HF) theory, the effect of electron correlation on inter- tropy down to those of the independenbrma) mode ap-
nal rotation barriers was investigated usingIdo-Plesset proximation of standard statistical thermodynamics. For
perturbation  theory (MP2, MP3, MP4,2>7%  systems with strongly coupled low frequency modes, where
coupled-clustéf® and quadratic configuration interactn  the normal mode approximation begins to break down for the
theories including all single and double excitations from thedescription of the excited energy levels which are accessed at
reference configuratiofCCSD and QCISD and the exten- moderate temperatures, the independent mode approximation
sion of these latter two to incorporate effects of triple exci-itself can present errors of 1 J moIK ~* or more in absolute
tations via perturbative correctionlCCSO(T), CCSOT],  entropy. We thus set 1 J mdiK ! accuracy as an ultimate
QCISD(T), and QCISIT]).*#*3Core orbitals were frozen in  target for our most accurate entropy motes), anticipating
all correlated computations, with all valence and virtual or-that for many purposes this should be more than sufficient.
bitals remaining active.

Analytic gradient techniqué=® for the RHF”* and
RMPZ2°~*2methods were used to perform complete and con-  Let us consider the individual components of the third-
strained geometry optimizations of minima and internal ro-law entropy of a mole of identical molecules. Electronic en-
tation maxima, to 10 ° A and 102 degrees in all but excep- tropy (S iS most commonly represented as a contribution
tional cases, with theAussIAN program packages. For some of RIn ), where Q) is the electronic degeneracy of the
transition structure optimizations, the eigenvector-followingground state. In this work, we shall only examine closed-
optimization method of Bak&twas found to be a significant shell-singlet species and hence we can ign@g.). The
aid. Analytic HF second derivativés* for frequency calcu- translational entropyS,.,J for ideal gases at a specific tem-
lations were also performed withAUSSIAN, while energies perature and pressure depends only on the molecular mass,
were determined using both tleaussiaN and themoLPRO  and hence is unaffected by choiceaf initio method. The
codes. entropy due to external molecular rotati¢g,,) under the

For the principal body of calculations, geometric struc-rigid rotor (RR) approximation depends on the principal mo-
tures of the molecules and cations were optimized at thenents of inertia of the molecule; these are derived from the
MP2/6-31G() level of theory(with frozen core-orbitals, un- geometrical parameters which are dependent on the level of
like G2 theory?), while the HF/6-31Gq) level of theory  ab initio theory used in geometry optimization. The entropy
was used to obtain harmonic vibrational frequencies at thelue to molecular vibratiofS,;,) under the harmonic oscilla-

HF potential surface minima. Energetics for internal rotationtor (HO) approximation depends on the harmonic vibrational
modes were obtained from MP2/6-3tG(2df,p) energies frequencies, which can also be determimddinitio, but are
computed using the MP2/6-31&) geometries. again dependent on the level of theory employed.

Standard statistical thermodynamic formulae are em- Three levels of theory were tested for the calculation of
ployed for the calculation of absolute third-law entropies.rotational and vibrational entropies for methanol and water,

A. Levels of ab initio theory
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TABLE |. Effect of level of theory on calculated vibration and rotation TABLE Il. Sensitivity of hindered rotor entropyd mol'* K™% to adjust-

entropies(J mol 1 K %) at 298.15 Kab ments in barrier height and moment of inertia at 298.1% K.
HF/6-31G(d) MP2/6-31G() MP2/6-311G¢l,p)  Expt. I (amu )

CH,OH: V, (kJ mol%) 0.65 0.70 2.80 3.00
gt 79.137 79.507 79.413 79.454

10 5.00 5.23 10.08 10.36
H,0: 11 4.62 4.84 9.59 9.86
gt 43.413 44.022 43.784 43.706
gib2 106 106 106 10°6d % ntries are derived from the tables of Pitagral. (Refs. 45 and 5Bwith
gvib 0.028 0.027 0.035 0.083  symmetry numbeb=3.

33Vl and 2 indicate individual contributions from the vibrations of low-

est frequency and second-lowest frequency. The internal rotation of metha-

nol is not considered a vibrational mode in this context. lier, being that in G2 theory the geometrical structures are
bHarmonic vibrational frequencies were scal&ef. 52 by 0.8929 for HF6- optimized without freezing the core electrons in the MP2

31G(d), 0.9434 for MP2/6-31G{), and 0.9496 for MP2/6-311@(p). ; i Aiatim i : .
“Using molecular geometry of Harmorey al. (Ref. 48. calculations. This distinction is unlikely to lead to any sig

dUsing vibrational frequencies from Shimanouc¢Rief. 49. nificant differences in calculated entropies.
€Using molecular geometry of Hogt al. (Ref. 50. For hindered internal rotations, the potential energy is
better described by the cosine potential
V(a)=(Vy/2)(1—cosna), 3)

and the results are compared in Table | with those obtained
using experimental molecular paramet&s° For rotational  rather than the harmonic potential. In this expressiers
entropy, each estimate is within 0.33 J moK ! of the val-  the torsional anglen the periodicity of the rotation, and,
ues obtained using experimental geometries. As Hartreethe barrier height. In this case, the contribution to absolute
Fock bond lengths are generally too short, the entropy estentropy can be found from the tables of Pitzer and
mates derived from them will generally be too low. With co-workers*®®3These tables provide values of the entropy as
regards to the MP2 results, the larger 6-31d@®{ basis set a function of Vo/RT and 1Q;, whereR is the gas constant
improves the rotational entropy estimate for water by 0.248.31451 J mol* K1), T is temperature, an@; is the par-
Jmol K1 relative to the MP2/6-31Gl) result, but for tition function of the frelunhindered internal rotor, which
methanol the results are equally good. The smaller basis séself is a function of temperature, the rotor symmetry num-
can be applied to a larger range of molecules due to loweber o, and the internal rotor moment of inertialn order to
computational requirements, and hence the MP2/6-81G( gauge the effects of errors My and| on this entropy, the
level of theory was chosen as the standard for the gener#litzer tables were used to produce Table Il. The values of
optimization of structures for rotational entropy. most interest in this work are values for methyl groups ro-
The vibrations which contribute most to the absolute entating against massive groufite right side of Table )land
tropy are those of lowest frequency, and only the two largesthe internal rotation in methanéhe upper left of Table )l
contributions appear in Table |. The systematic overestimaThe results indicate that a change\ig of 1 kJ mol ! leads
tion of vibrational frequencies by the HF and MP2 levels ofto a change in entropy of 0.4—0.5 J mbK ™%, while a
theory produce systematic underestimation of vibrational enehange inl of 0.05 amu & leads to a change in entropy of
tropies. Not only can these accumulate for molecules witl0.1-0.3 J mol* K. Hence, in order to restrict the error in
several low-frequency vibrations, but a 5% overestimation othe internal rotation contribution to the entropy to a target of
a low frequency(which is the typical error observed with 0.3 Jmol'*K ™! at 298 K,V, and| need to be accurate to
MP2 theory causes a 15-30% underestimation of its en-approximately 0.8 kJ mol and 0.05 amu A respectively.
tropy (based on our results for water and methaniol ad- At 600 K the requirement oV is slightly more relaxed,
dition, thermodynamic results using the harmonic oscillatomwith 1.0 kJ mol'* accuracy inV, being sufficient for the
approximation are improved by using the true vibrationalsame 0.3 J moft K ! target accuracy in hindered rotor en-
fundamentalr rather than the harmonic frequeney Hence tropy.
we employ the common practice of empirically scaling the  Barrier heights can be straightforwardly obtained using
ab initio harmonic frequencies, and report results soab initio methods. Results are presented in Table Il and
obtained?™>? The two largest vibrational entropy contribu- Table IV for the barrier height for internal rotation of metha-
tions are insignificant for water, while for methanol they nol. These test runs were performed to determine a level of
each contribute 0.3 J mol K%, and are predicted to within theory suitable for the computation of barrier heights to de-
0.02 3 mol'* K1 for each level of theory after scaling. The sired accuracy, and basis set and electron correlation effects
HF/6—-31Gf@) method with its well-established scaling fac- were considered separately. The structures of the staggered
tor (0.8929°! was chosen for vibrational entropies. We noteand eclipsed conformations were optimized at the MP2/6-
that these levels of theory, which represent a compromis81G(d) level. Table Il suggests that correlation effects be-
between accuracy and efficiency, are the same as those usgohd MP2 are small. Note that the 6-3113¢) basis set
in G2 calculations with the minor difference, as noted ear- performs quite poorly in this case, overestimating the barrier
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TABLE III. Internal rotation barrier of methanakJ mol™%). Electron cor- Chung-Phillips and Jebbé?,an analysis of the effect of ba-

relation effects. sis set on computed internal rotation barriers is provided for
6-311G(,p) 6-311+G(2d,p) a series of §ma|| molecules, and supports our use of a large
basis set with MP2 theory.
RHF 5.28 4.24 For more compli i i i -
plicated internal rotation potentials, tabu

MP2 6.13 4.45 ) . .
MP3 586 437 lated or fitted results based on the single cosine represent the
MP4 6.09 4.41 only means of incorporating hindrances to free rotation with-
QCISD 5.90 4.35 out having to perform numerical integration. Therefore it be-
CCsD 5.89 4.37 comes useful to be able to mimic each internal rotation with
QCISD(T) 6.02 4.39

cesom 6.01 440 a singlle colsine term unless very _high acguré:gtter than 1
QCISOT] 6.03 4.35 Jmol " K™7) is desired. The varying barrier heights in more
ccsOT] 6.02 4.38 complex one-dimensional rotations can be averaged, with
“minor” barriers (of a height less than a quarter of the larg-
est barrier height encountered during the rotatioging ne-
arozen-core energy differences calculated using MP2/6-8L6uctures.  glected. For multiple coupled internal rotations, the difficulty
*Reference 54. in selection of single-rotor potentials and the resulting errors
produced by this approximation both increase with the mag-
nitude of the coupling. Choosing the single-rotor barriers as
height by about 1.5 kJ mot. Selecting the MP2 level of the differences between standard conformatitaggered-
correlation, eleven basis sets were test€dble IV). The staggered and staggered-eclipsed, for exampy result in
barrier height as determined spectroscopically will contaimyigh entropy estimates if there is a significant drop in the
zero-point vibrational energfZ PVE) contributions from all  torsjonal potential energy at nonstandard conformations.
other vibrational modes; Beéfl estimated this effect for Choosing the single-rotor barriers as the differences between
methanol to bet0.28 kJ mol * using MP2/DZ(l,p) theory,  trye global minima and single-rotor maxima can be unsuit-
which we expect to be typical. While it would be essential togpje in cases where the connection between a minimum and
include the ZPVE effect ispectroscopi@ccuracy is desired, corresponding maximum on the true potential surface either
it is not of concern when attempting to compute the entropy(j) inyolves a change in the primary torsional coordinate
to athermodynamiaccuracy of 1 Imot' K™, as demon- \yhich is substantially different from that in the idealized
strated above with the data in Table Il. For methanol, the usggsine potentiale.g., 40° instead of 60° for a methyl rota-
of the 6-311G(2df,p) basis se(without ZPVE provides tjon), or (ii) requires strong and nonuniform dependence of
an estimate4.45 kJ mol %) within 0.3 kJ mol * of both the  the secondary torsional coordinate upon the primary one. In
experimental and classical barrier heiglis47 and 4.19  thjs work, we use the latter approach, the single rotor barriers
kJ mol ™, respectively. This is the ultimate basis set which for the simple cosine models being chosen as differences
is approximated in G1 theof¥f,and it was chosen in con- petween true global minima and single-rotor maxima. In the
junction with MP2 theory(and without ZPVE for barrier-  cases where this choice becomes poor, the potential will be
height computation in this work. In the recent work of gyfficiently complex that a numerical integration will be re-
quired, and a full coupled potential should then be used, as
we will demonstrate fofCH;),CH™ in Sec. Ill C below.
Table V presents the calculated torsional barriers for a

Expt’ 4.4664)

TABLE IV. Internal rotation barrier of methanolkd mol™Y). Basis set

effects? . . . )
wide selection of molecules, to be used later in the paper in
Number of Barrier determining third-law entropies. The barriers to the internal
basis functions height rotation in CH, toluene, theortho- and para-protonated
6-31G() 38 6.21 toluenes, and the tertiary-butyl cation are deemed sufficiently
cc-pVDZ 48 6.34 small that we treat the rotations as free rotors in the entropy
6-311+G(d) 56 5.16 calculations. For example, for toluene and ifmara
6-311G(d.p) 60 6.13 protonated cation, the MP2/6-31( methyl rotation barri-
2;1391.2;;3\/(3?) 6822 54?783 ers are 0.22 and 0.21 kJ md) respectively. For the tertiary-
6-31+G(2df, ) 84 4.79 butyl cation, our conformational analysigimilar to an
6-311+G(2df,p) 92 4.45 earlier one by Siebegt al®’) drew us to the conclusion that,
6-31+G(3df,2p) 108 4.43 although the potential surface for the torsional motions of the
6-311+G(3df,2p) 114 4.21 three methyl groups is qualitatively complex, it is quantita-
cEf('&\,fTZ 116 :;17636 " tively rather flat, fitting entirely within a~6 kJ mol* span.
Expt? (classical® 4.19 We shall comment on this species later, in Sec. VI D.

It can be seen from Table V that the effect of MP2
MP2 frozen-core energy differences calculated using MP2/6-81&fuc-  correlation for methyl rotation barriers is most significant for
thleJ::}ence 54 those cases where methyl groups are bonded to oxygen at-
“Using the MP2/DZ{,p) back-correction of Ref. 54 to remove zero-point ©MS Or double-bonded systems. The importance of the larger

vibrational effects of other modes. basis set is substantiajreater than 0.8 kJ mot) when lone
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TABLE V. Torsional barriergkd mol?) calculated using MP2/6-31@] structures.

MP2/ HF/ MP2/
6-31G() 6-311+G(2df,p) 6-311+G(2df,p) Experiment

CH3—OH 6.21 4.24 4.45 4%
CH3—NH, 10.72 8.52 8.57 82
CH,—SH 6.19 5.62 5.27 53
CH3;—OCHO 4.55 5.16 5.28 499
CHy—CH,CN 13.88 13.88 13.41
CH3—CHO 4.13 5.23 4.69 4%
CHg—Hy 0.47 0.20 0.57
CH;—CHCH, 8.18 9.27 8.44 8
CH;—CHCHj 4.8¢ 4.60 6.64
CH;—OCH, 12.12 9.63 11.13 11/a0.¢'
CH,—NHCH, 15.35 12.99 13.67 13.7
CHy-SCH, 8.86 9.04 8.98 87
CH,—C(O)CH,4 3.17 2.86 2.61 3.8.3%.9
CH,—C(OH)CH; [trans] 1.47 1.48 2.00
CH,—C(OH)CH; [cis] 1.49 1.77 2.18
CH3—CH,NH, 16.60 15.83 15.42
NH,—CH,CH; 11.5% 9.17 9.1
CH,;—C(CH,)CH, 9.47 10.09 9.25 89
CH3—N(CHy), 19.75 16.92 18.52 18,5
CH3—NH(CHy); 14.36 14.46 14.24

8Experimental values include ZPVE effects from the other vibrational modes.
PFor these systems, the stationary points used in computing the barrier heights here do not correspond to
“idealized” conformations. See the text.

‘These are averages of the differing barrier heights encountered during rehittion.
dChaoet al. (Ref. 58.

fTakagi and KojimaRef. 59.

fSastryet al. (Ref. 60.

9Fateley and MillerRef. 61).

"Wiodarczaket al. (Ref. 62.

iFateley and Miller(Ref. 63.

IKundu et al. (Ref. 64.

pairs are present. The MP2/6-3tG(2df,p) barriers agree to thermodynamic properties was established principally by
with experimental valué&®*to within 0.4 kI mol for all  Pitzer and co-worker®~4’ The important connection with

species. The agreement with the Rydberg-jet-based result f@pectroscopic theory for the energy levels of internal rota-
acetone(2.8 kJ mol'H)®* is particularly satisfying, because tions was solidified in the early 1950s with the advances of
the traditional longstanding experimental values for aceton®ennison and co-workef§; 8 whose meticulous work on

(3.47-3.48 kJ mol* from far IR vibrational transition§*®®  the microwave and infrared spectra of methanol provided a
and 3.17-3.28 from microwave rotational splittings usingsubstantially improved picture of a hindered rotation, and
independent-rotor modéfs®) have been substantially one which afforded agreement between the calorimetric and

higher, as have mangb initio results using smaller basis spectroscopic thermodynamics which were studied in con-

sets’°"® The high degree of potential coupling of the two cert by the Pitzer grouf?®

methyl rotors in acetone is apparently responsible for caus-  aAs far as thermodynamic properties are concerned, the
ing greater.diffigultie.s in understanding the nature of the i”"theory rests upon the numerical solutions of the Matthieu
ternal rotations in this case. o equations, which result from the one-dimensional $chro

For internal rotor moments of inertia, the MP2/6-385(  ginger equation for a rotor having moment of inertiand
structures were deemed to be suitable, based on the resyfis cosine potential in Eq@3). The first extension to the
for overall rotational entropy. However, internal moments of yaneral case of a multi-rotor vibrating molecule simply uses
inertia can be approximated in many ways, and this SUbjecgm independent-rigid-rotor assumption. More accurate ex-
warranted a separate investigation in itself. tensions require more elaborate expressions for the potential

energy for internal rotations, together with numerical inte-

B. Levels of approximation for internal moments of gration and further approximation. While the theory with the
inertia independent-rigid-rotor model cannot consider potential cou-

Research into the energy levels and thermodynamigling, it can account for kineti¢angular momentuincou-
properties of internal rotations was most prevalent in thepling approximately via a series of reductions of the internal
1930s and 40s. After initial contributions by such scientistsnoments of inertia. These reductions and various approxi-
as Nielserf® Mayer et al.”” Teller,® Kassel’®® pPitzer®®  mations are now summarized and investigated.

and Wilson, Jr3485 generalization of the theories as applied The notation!(™" is introduced here as a means of
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bookkeeping the various approximations of an internal moTABLE VI. Approximations for the internal moment of inertiamu £?) 2

ment of inertia. Here tha indicates the level of approxima-

computed about the axis containing the twisting bond. If

tion for a rotor attached to a fixed frame before any reduction Methanol Dimethylether
of this moment of inertia due to coupling with external or —CH, —OH -CH —-OCH,
other internal rotations, while then indicates the level of @y 3.1794 0.8635 3.2072 31.2002
approximation of the coupling reduction. Since one can art(.2 3.1790 0.8123 3.2071 17.1350
bitrarily choose either end‘left” or “right” ) of the twist- 1®? 3.1842 0.7910 3.0047 12.0185
ing bond to be the rotating group, a subsctipdr R can be 'zz 0.6790 2.9083
added in most cases, ig™" andl{™", which can produce :(23) g'gg;g g'zgig
different values for some approximations although they will, .1 06402 0.6762 26094  —253738
be identical in an exact treatment. 162 0.6405 0.6465 2.6093 0.0714
If n=1, the moment of inertia of the rotating group is 1®? 0.6318 0.6335 2.3946 1.4595
|34 0.6348 0.6348 2.5978 2.5978
n=2, 1 is computed about the axis parallel to the bond buI{ E42; 5'2233

passing through the center-of-mass of the rotating gfoup. |« 22982

n=3, | is computed about the axis passing through thg@4 2.5559

centers-of-mass of both the rotating group and the remainder
of the molecule aThese were computed using structural data for the optimized MP2/6-

N . . 31G(d fi h See the text f8*™ notati
If m=1, the moment of inertia of the rotating group is @) minimum for each species. See the tex notaton.
not reduced. lfim=2, the reduced moment due to coupling
with overall molecular rotation is approximat&dy

This approximation arises from deliberate neglect of the an-
gular momentum cross tern,Py in the total kinetic en-
If m=3, the coupling with molecular rotation is properly ergy expression, and the accuracy of such an omission for
performed5 with thermodynamic purposes is unknown. To cover the general
5) case, including rotors within other rotors, an ultimate treat-
ment is the determinant method of Kilpatrick and Pit¥er,
which we could designate an=5 treatment; however, the
treatment is laborious and requires an extra scaling approxi-
where theli are the principal moments of inertia of the mol- mation to incorporate the angular momentum cross terms,
ecule, and\y; is the direction cosine between thé princi-  and considering the probable errors which persist regardless
pal axis and the axis of twisting about whit™ was com-  due to nonrigid rotations and minor inaccuracies in equilib-
puted. rium structures, we chose not to examine it.

The &V estimator is exact for molecules with a single, Table VI presents the results of these approximations for
symmetric rotor. For a single asymmetric rotand, if one  the internal rotation of methanol and one of {leguivalen}t
wished, for instantaneously asymmetric methyl rotors suclhinternal rotations of dimethylether. The structural parameters
as those resulting from equilibrium structurethere is an  of the MP2/6-31G¢) optimized geometries were used,
exactl 34 estimator, with aA {) correction in Eq(5) which  which results in instantaneous asymmetric structures for the
is more complex than that of E@6), and the reader is re- methyl groups, due to differing C—H bond lengths and
ferred to the original work for detaif®. £/ OCH angles within each group at the optimized minima.

For molecules with multiple rotors, individual reduced However, the effect of methyl group asymmetry is small, as
moments of inertia for each internal rotation mode are noseen in comparing the=1 andn=2 results using the me-
easily defined. The crude approximation of Pitzer andthyl rotors. Also, treating the methyl groups as the rotors,
Gwinn®® is a further reduction for the case of multiple rotors rather than the asymmetric hydroxy and methoxy groups,
attached to the same rigid frame, and we denote ihast;  allows the simplem=1 estimates to be used without great
here the kinetic coupling of one internal rotatiGdentified loss of accuracy. As stated before, {24 computation is
by a chosen rotating grou)) with other internal rotations exact (within the rigid-rotor approximationfor molecules
(identified by their chosen rotating groul$ is incorporated ~ with a single internal rotation, and hence #&* and| 4

W=+ 1p g, (4)

|§(3,n):|g(1,n)_Ag(n)2,

AL =1EM* (N2, 11,422,/ ,+N24/15)  for n<4. (6)

using values are equal since the exact result should be independent
of the choice of the rotating group. There a@? but no
1AM =130 _ 055 AW IEN, (7)  16&), values for dimethylether because the=4 approxima-
tion requires a common fixed frame for the two rotating
T =1V N A yq 11+ Axahya /1 groups.

For methanol, the desired value of 0.6348 anficén be
approximated to within 2940.015 amu &) by 1&; 1) [(22)

and 1%, and within 7% byl &Y and 121, For dlmethyl-
ether, the asymmetric methoxy group produces disastrous re-

+Axshy3/l3 for n<4, (8

where the sum in E(7) is over allY. Just as withA {}), the
more complex formula forA &) can be found elsewhef®8.
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A. L. L. East and L. Radom: Computation of third-law entropies 6661

TABLE VII. Calculated internal moments of inerti@mu A2).2

(11 121 131 1(40) H\
o}
Single rotors
CH;—OH 3.1794 0.6790 0.6402 ‘ ‘
CH;—OHJ 3.3031 1.0989 1.0763
CHa—NH, 31505 1.1675  1.1360 -16.1° c -16.1°
CH;—SH 3.1716 1.1424 1.1172 H .,,H
CHz—CgHs 3.1509  3.0425 3.0424 \
CH3—CH,CN 3.1659  3.0767 2.8661 c ¢t
CH;-CHO 3.1992 2.7012 2.2023 H :5
H,—CHJ 0.4521  0.3978 0.3977 cis ol \ tranﬂv |
met : ; met
Multiple rotors Y H H nH Y
CH;—OCH,; 3.2072 2.9082 2.6094 2.5678 o
CHz—C(O)CH 3.1902  2.9989 2.9965 2.9949 104.3° o o 103.3
3 3 -140.0 -140.7
CH,—C(OH)CHJ [trans]’ 3.2080 3.0169 3.0161 3.0139
CH;—C(OH)CHJ3 [cis]® 3.1901 3.0001 2.9993 2.9971
CH3;—CH,NH, 3.1616 2.8986 2.6649 2.5788 FIG. 1. Optimized conformatiofC, symmetry of protonated acetone,
NH,—CH,CH; 1.8692 1.7768 1.3357 1.2926 (CH,),COH*. Numbers indicate MP2/6-31@] H-C—-C-O torsional
CHz—C(CHy)5 [up]® 3.1997 3.0328 3.0327 3.0305 angles, in degrees fromas conformation.
CHy—C(CHjy); [down[ 3.1957  3.0271 3.0271 3.0247

#These were computed using the optimized structure of the lowest MPZ’Gentropies in Section IV and for the E2 and E3 modsise
31G(d) minimum for each species. See the text f§#™ notation. Sec. V). It was only necessary to emp|d)yt‘4) once. for the

bSee Fig. 1.
“These values arE®* and1“? for the more imbalanced—Ntyroup. ethyl-NH, internal rotation in ethylamine, in the present
‘See Fig. 2. study. For the simpler E1 modéf?Y was chosen instead, as

it has the possibility of being more efficiently computed on a

sults unlessn=4, while the results for the methyl group '€941a" basis.

behave well fom<4 and indicate that rotor-rotor coupling ) . )
(m=4) is important. Thel 8’4? estimate is 2% too high, C. Se_lectlon of potential functions for rotor-rotor
while thel ?? andI(2® estimates are 4—6% high ahid? is coupling
14% too high. Effects of rotor-rotor potential coupling became apparent
Table VII presents, for several different internal rota- in many cases. One manifestation of this is in the location of
tions, the calculated moments of inertia using the approximaminima on the MP2/6-31G{) potential energy surfaces.
tions we deemed most eligible for use in the general utilityTwo examples of more complex situations occur with the
procedures E1, E2, and E3. As written, the groups on the leferotonated cations of propene and acetdf@#;),CH™ and
are taken to be the rotating groups for the purposes of con{CHs),COH", whose minimum energy conformations in-
putation. The basid¢™? values for methyl groups cluster Volve methyl rotor positions which are conrotationally dis-
tightly about 31.0078(1.09 sin 109.5%=3.19 amu & The torted from idealized and more symmetrid@l, and Cg
methyl groups in protonated acetofués andtransto the OH  Structures, respectively. In these cases, even the single-rotor
group, see Fig. land at the optimized minimum of the potentials become more difficult to represent with simple
tertiary-butyl cation(Fig. 2) are nonequivalent, and hence cosine potentialgas required by the Pitzer tabjehe sec-
are listed separately. The improvements froth? to 139 ond manifestation of rotor-rotor potential coupling is in the
are most significant when the chosen rotating group is the
heavier of the two ends. When the chosen rotating group is
the lighter of the two ends, the? approximation lies -
within 50% (and often within 20% of the |3V and |4V
values. The improvements frob¥?? to 1Y are most sig-
nificant for molecules having groups with large mass asym-
metry with respect to the internal rotation axis, such as ethyl -
or aldehyde groups, and®Y significantly improves upon
the lighter-end (V) values when the two ends of the mol-
ecule are evenly matched in mass. The data in Table VII
show thatl ? generally lies within 5% of the best values, N7 e
although in the small number of cases where there is large C
mass asymmetry the error can be as large as 30%. " L / \ o
The rightmost entries in Table VII, using tH&Y ap- down "down"
proximation for single-rotor molecules antf? for multiro-

3,4 4.4 : ;
tpr m0|eC.U|e_5(0r|( ) andI ¥ respectively 'f_an asymn_]e.t' FIG. 2. Optimized conformation(C, symmetry of t-butyl cation,
ric rotor is involved, are the values used in determining (CHy),C*. The carbon framework is slightly puckered after optimization.
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6662 A. L. L. East and L. Radom: Computation of third-law entropies

TABLE VIII. Error in hindered rotor entropyd mol'* K™%, at 1 atm and

X X & 3 X < . h . .
\C/ \c/ c/ \c/ \‘c/ \c'/ 298.15 K due to the use of Pitzer and Gwinn’s approximate partition func-
=\ ~\ :\ | | | tion, Qscaled-
S,
staggered-staggered staggered-eclipsed eclipsed-eclipsed Sscaled” Seract
0% (0°.60% (60°.60°) Vo/RT 1/Q;=0.20 1Q¢=0.30 1Q:=0.40
1 +0.016 +0.049 +0.094
FIG. 3. The three idealized conformations(@f1)-dimethyl systems. 4 —0.003 —0.008 +0.010
9 —0.003 —0.002 —0.010
16 +0.012 —0.005 —0.068

increased error associated with the independent-rotor as-
sumption. In some cases, the energy of the single-rotor maxi-
mum (e.g. eclipsed-staggered, see Fig.waas found to be
significantly different from the average of energies of the
minimum (e.g. staggered-staggejedand the two-rotor

Gwinn’s® Table VIII (although they used cal molK ™!
units) and confirms that errors in entropy due to this approxi-
double-maximum(e.g. eclipsed-eclipsedwhich would not mation are less than 0..1 J moIK ! for the range of rotors
be the case if the rotors were independent. and_ temperatures considered h_ere._\{Ve could not reproduce
In calculating thermodynamic properties of internal ro- their test res_ults beyon_d 0.1J ”.‘6K. accuracy, presum-
ably due to differences in numerical integration and values of

tation modes, the simplest strategy which incorporates hin:

dered rotor potentials involves keeping the independenttundamental constants. Nonetheless, the approximation is

mode approximation, ignoring the complexities in the One_sufficiently good to allow us to perform statistical thermody-

dimensional potential surfaces, and using the Pitzer tablgd@MICcs usT?hmEr.e _goTpler(, fc&upled—potg?tlalr:‘ormsl, to the
individually for each rotation. This will correspond to our E2 accuracy ot th&b Initio levet of theory used for the molecu-

procedure in Sec. V. The required barrier heights for SyStemEr parameters themselves, and will be incorporated into our
with two coupled rotors were computed as the differences i 3 procedure of Sec. V. . : :
energy between the global minima and single-rotor maxima The_most general Fourier series potential for a two-rotor
conformations. These are the barriers displayed in Table \pystem is
The alternative use of energies of idealized high-symmetry Y.
optimized conformations foCH,),CH™ and (CH5),COH*
would result in barrier heights which are 2.6 and 0.6 V(al'“Z):KZO LZO [Aki cosniKa, cosnzla,
kJ mol ! lower than the values in Table V, which are sub-
stantial difference$39% and 29% reductions, respectively +AR] sinn;Kay sinn,La,
For more complex potentials, Pitzer and Gwfinpro-
posed the following approximatiof@s¢aed to the quantum

mechanical canonical partition functi®uan;: +AS sinnKa; cosn,Lasl, (12)

Qscated™ Qciast Qro Quam/QHO Clasd )

where the classical partition functid@ .4 is scaled by the
ratio suitable for converting the classical partition function
for a harmonic oscillatofQo cjasqd 10 its quantum mechani-
cal result(Quo Quan).45 Use of this approximation requires a
(possibly numerical solution of multidimensional integrals
of the form

+AZ] cosniKa; sinn,La,

wheren; andn, are symmetry numbers for the internal ro-
tations, e.g., 3 for methyl groups and 1 for the ethyl-NH
torsion in ethylamine. The initial work on rotor-rotor poten-
tials in the late 1950 s focussed on dimethyl systems having
a C,, frame, and this general form &f(«q,@,) was first
proposed for dimethyl systema{=n,=3) by Grantet al®?

in 1970(ignoring a factor of 2 in the coefficientsalthough
Fourier expansions were certainly employed earlier for such
systems. If the Fourier series is expanded aboQpaposi-

tion denotedwy;=a,=0, then Eq.(11) reduces to

P(m)=j f (VIKT)"e~VKNdq, -+ -da,, (10)

where the complexity of the coupled-rotor potential
V(ay,...,a,) naturally affects the complexity of the integra-
tion. We tested this approximatidjust as Pitzer and Gwinn
did) with the one-dimensional cosine potential, using up to
50-point Gauss—Legendre quadrature between O arid 2
(Where o, the periodicity of the cosine, was taken to be 3 +ARL sin Kag sin 3 ay] (12
yielding the results shown in Table VIII. In the numerical

integration, 10-point quadrature was sufficient to convergavith the additional symmetriedy; =A{k and AR} =AP%.
the entropies to 0.01 J moi K%, while 20-point quadrature This form was also presented by Graettal®? and is used
was sufficient for 0.001 J mol K ™! convergencéand was  (without the factor of 2 in the recent works of Senent,
used exclusively in ensuing calculations for each dimension Moule, and Smeyers:%°*With alternative choices for sign
Table VIl is presented in the same format as Pitzer ancand notation conventions, th&g constant term, and occa-

V(ag,a)= 2>, > [AE cos Kaj cos 3 a,
K=0 (=0
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A. L. L. East and L. Radom: Computation of third-law entropies 6663

sional factors of 2, the first few terms of E(q_]_) have been TABLE IX. Effect of the V;, potential coupling magnitude on third-law

used by Groner and Duﬁ@% and. earlier. in the seminal ©€"troPY contributions(J mor* K™%, at 1 atm and 298.15 Kfrom two
! ! equivalent internal rotation modes, using Pitzer and Gwir@gg,q and

work by Swalen and C_OStaFﬁ- _ normal-mode torsional frequencies from the model potential sufface.
If we ignore the higher terms aboue+L=2 in Eq.
(11), then Scoup_Suncoup
Vo (kI mol? Vio=—Vol2 V=0  Vp,=Vyl2 V=V,
V(ay,ap)=Ag5+ AL cosnyaq +AGf COSNyay o ( ) v e 2 el i
cc cc 1.0 +0.06 0 —0.09 -0.19
+Asg cos hiag+Ag; cos hya; 4.0 +0.65 0 -0.67 -1.30
o 7.0 +1.05 0 -0.84 —-1.51
+A7lcosn;a; cosnyas] 10.0 +1.02 0 —-0.69 -1.20
13.0 +0.84 0 —-0.50 -0.82

+ Al sin nya; sinnyas,], (13

2The results are identical to the digits reported for bdth’=2.5 and 3.0

which is the seven-term potential we generally began withamu .
(and usually simplified The seven parameters can physi-
cally be thought of in the following way: an energy zero, two
individual barrier amplitudes, two additional parameters to
account for complexities in the one-dimensional methyl ro-
tations (e.g., minima distorted from maximally symmetric tions
posm_ons), and “’YO coupling amplitudes. The .“’.VO cpuplmg The effect of the coupling of rotor potentials can be de-
amplitudes may in turn be thought of as describing firstly the . . . .

. . . duced in the following way. With our independent-rotor
relative preference for conrotatory vs disrotatory motion

(A33 term), and secondly the relative height of the doublemOd.eI’ it two methyl group rotations in a molecule_ are
. equivalent, both having moment of inertig and potential
maximum above or below the level of the sum of the two

single maxima(ASS term) barrierV,, then they both contribute the same amoggto
9 oLl ‘ . the absolute entropy. If one symmetrizes the two rotors, then
In the majority of our cases we have equivalent methyl

rotors andC,,, minima[such as iCHg),COJ for which we the symmef-trlc' and antisymmetriconrotatory and.dlsrota—
v - tory) combinations would each have moment of inertlg 2
employ the three-parameter function

and(in the absence of potential couplingarrier height ¥,

(CHg),CH" and (CH,),COH" necessarily correspond to the
barriers obtained from idealized high-symmetry conforma-

V(ay,ap) =AS5+ASS cos v, +ASS cos 3w, which _results_in two identical c_ontributions &% to the en-
tropy, just as in the unsymmetrized case. Therefore, the sym-
+Afil cos 3v; cos 3] metrized picture implies that ¥, is positive, the conrota-

tory and disrotatory modes would encounter a higher barrier
(2Vy+V,,) and the true contributions to the entropy should

where we drop thd$$ andASS terms for simplicity, equate be som.ewhat lower than what we would find by ignoring
°¢ and ASS due to symmetry, and approximaggs with Vlg- This r'esult .d.oes |n'fa.ct holq in each of our cases in
—|ASS|. The ASS assumption has been used befdend has WhI'Ch Vi, is positive. Th|§ is dissimilar to the effect &i-
support(see Reference 65This allows us to obtain a quali- Netc C_OUP“”Q terms, which@as has been argued befGe
tatively correct and quantitatively accurate potential functionill raise some energy levels and lower others. Hence the
from the three energies obtained at the three obviamsl effects of neglecting klnetlc_: coupling should be _r(_alatwely
optimized stationary points represented in Figure 3. Using?maH due to some cancellation of errors in the partition func-
the usual convention, we define thg and a, torsions to be 110N . _
describing conrotation if they increase concomitantly; hence 10 quantify the effect of the coupling teri,,, several
the selection ofA$$ to be —|ASS| causes incremental conro- calculapons were performed on hy'poth.etlcal dimethyl sys-
tation to rise in energy more slowly than disrotatigvhich ~ {€ms with varying rotor moments of 'nerﬂ'g’l)_:“R“'l), bar-
is found to hold in all our cases from the HF frequency'i€r heightsVo=V, =Vg, and coupling magnitudeg,,, us-
analyses The sign ofA33 does not affect the total molecular INg @ rearranged form of the potential in EL4) in
entropy. The(0°,09 origin is taken to be the staggered- conjunctl_on with the approxmate partition funct@gcmeq.
staggered conformation since that is most often the locatiort € torsional frequencies for use @gcaeqWere found via

—|Af{|[sin 3a; sin 3as], (14

of the global minimum. normal mode analysis to be

The quantityV,,=4 AfS is the energy difference be- S S
tween the double maximurfe.g. V(60°,609 for dimethyl 1 [3Voti Ve 15
systems iV(0°,0°) is chosen to be]oand the sum of the two ©=Ton 130 A (15

single rotor maxima/, + Vg [e.g.,V(60°,09+V(0°,609 for

dimethyl systemp Ratios ofV,, to V| +Vg using MP2/6- and A%,) was chosen to be 0.03 am#.AThe results are
311+G(2df,p) energies and MP2/6-31@) structures are: displayed in Table IX. The magnitude of the effect depends
(CHg),NH3; +0.15, (CH;),0 —0.09, (CH3),S +0.01, upon both the relative and absolute magnitude of the single
(CH,),CCH, +0.15, (CH;),CO +0.73, (CH3),CH" +0.83,  barrier heighi,; whenV,,=V,/2, the magnitude of entropy
and (CHy),COH" +1.66. Here theV, and Vg for  suppression due to potential coupling varies from 0 to more
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TABLE X. Parameters for the two-dimensional potential functions used for systems with two internal rotation (kibuohes ).

A AL AS AS ASS ASS A% AL
(CHg),CH* 6.2179 3.7138 ASS 1.0829 ASS 1.6838 ~2.4164
(CHy),0 10.6306 —5.0668 ASS —0.4970 +ASS
(CHg),0H" 7.3804 —3.8280 ASS 0.2756 Lt
(CHg),NH 13.4189 —6.5850 ASS —0.2490 +ASE
(CHg),NH; 12.8370 -6.8736 ASS -0.9101 —AZ
(CHy),S 9.0081 —4.5198 ASS 0.0315 — A%
(CHg),SH" 9.5367 —5.0334 ASS 0.5300 —A$S
(CHy),CO 3.5656 —2.2582 A 0.9508 — A%
(CHy),COH" 2.6066 —1.9548 —2.0418 0.2638 0.2589 1.2492  —0.7864 -
CHLCH,NH, 12.5434 -7.7192 0.7731 —0.2550 0.0108 —-A% —4.5608
CH,CH,NH; 13.1775 ~7.7425 —5.9975 0.5625 — A%
(CHy)CCH, 9.9243 —5.3017 ASS 0.6792 —ASS

aAll PESs have minima ai0,0) except{Me,COH]* (17.25°,15.80f and[Me,CH]" (38.71°,38.71F. The normal modes for ethylamine were computed at the
(0°,121.56% minimum.
bFor ethylamine, the coupling ternisted underAS$s andAs$S) are A$S and ASS.

than 0.8 Jmol'K™! (the effect peaking wherv,~7 analytic fits to MP2/6-311G(2df,p) energies calculated
kJ mol%), while if V;,=5 kJmol! (cutting diagonally using geometrical structuresompletely optimized at the
across the bottom right corner of the tgbhléhe suppression MP2/6-31G() level of theory for selected choices of inter-
varies from less than 0.(igh V) to more than 1.3low V) nal torsional angles. Initially the selected points included the

Jmol k™1 conrotated minima and disrotated stationary points for both
For (CH3),CH", we employed the five-parameter poten- (CH,),CH* and(CH,),COH™, but the fits produced spurious
tial, maxima and minima. The selection of “equidistant” points

was found to produce better potential functions from both a

=A%+ ASS +ASS Y o : o . )
Viay, ap)=Aggt Arg COSNyayFAgp COSNza qualitative and quantitative point of view, including satisfac-

+ASS cos Dy aq+ASS cos Dya;p tory conrotated minima and disrotated stationary points. The

N geometry optimizations were performed by freezing the tor-
+Azilcosn;a; cosnyas] sional angle of one of the hydrogen atoms in the rotor, but
+ASTSin nyay sin nyay, (16) for fitting purposes the effective rotor torsional angle was

taken as the average of the individual hydrogen torsional
where we have equatgkf;= A5 andAS5=ASS due to sym-  anglesy®i.e.,aqi = (o) + b + a3)/3 foramethyl group, where
metry. thea| are givenintherange 1882 «/ < 180°. For example,
For (CH3),COH", the full seven-parameter potential in the optimization of(CH,),CH" which had one HCCH tor-
Eq. (13) was employed (even though Agi~AjG and sional angle for each methyl group frozenagt= +30° re-
AGS~AS55) with a; measuring thetransmethyl rotation sulted in ana.s value of 37.854° for each methyl group,
(transto OH) and «, the cis-methyl rotation, in order to be becausea; and a3 became 164.459° ane80.896° after
qualitatively correct. optimization. Among the convenient aspects of this defini-
For CH\;CHzNHgr , we used a four-parameter potential tion is the satisfaction of the expected symmethg°)=
(A%, A3, AT, andAf9) wherea; denotes the methyl rota- V(120°)=V( — 120°). The optimized points used for the
tion and «, the NH; rotation, approximatingA$j with fits are listed in supplementary materfaMost (if not all) of
—|A%5| as in Eq.(14). the potentials listed in Table X are the best two-dimensional
For CH;,CH,NH,, the Fourier series for the asymmetric ab initio potentials reported for these systems to date, but
internal rotation of NH versus CHCH, has the periodicity further improvement could readily be achieved if required
parameten,=1 (although we note that a periodicity of 3 is for spectroscopi¢rather than thermodynamipurposes. The
an excellent approximatigrand we merely inserted two ex- best spectroscopically derived potential for these systems is
tra terms of lower periodicity into the potential used for the second acetone potential of Goodman and co-wdtkers
CH5CH,NH3 , resulting in the six-parameter function (ASS=—2.28, AS$=0.86, A55=—0.99 kJ mol?), which is
H CC_
Vi ay, @)= ASSHASE cosnya; + A cosnya, xﬁzei(celllle:nt_o ggrﬁﬁrpni?&) with  ours (A7g= —2.26,
+ A5 €0s hya,+Ags cos yan
IV. RESULTS AND DISCUSSION

A. Species without internal rotations

Our results for the absolute entropi@98.15 K, 1 atm
The potential parameters for all the two-rotor systemsof several molecules and proteonated cations, in which inter-
we examined are listed in Table X, and were obtained frommal rotations are absef@nd for which the three models E1,

AfJcosnia; cos a;,)

—|AZY[sin nia; sin 3,a,]. 17
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TABLE XI. Third law entropies(298.15 K, 1 atm for molecules without 2.5 RIn T for translation, 1.5RIn T for rotation of non-

i lk-1Lya . . .

internal rotors(J mol™™ K™). linear molecules, anR In T for rotation of linear molecules.
S(trang S(rot) S(vib) S(total) The results for vibrations show a sn_mlar temperature depen-

dence, although the exact formula is more complex.

EO 1158'3?833 :17-65573 88813 11317-98259 The accuracy of the current results for third-law entro-

NH, 144.101 47.938 0.335 192374 biesis demonstrated emplrlcally by comparison with litera

NH; 144.818 40.898 0.218 185.934  ture _values for the neutral species in Table XIII. .Gener.all_y,

H,0 144.802 44,022 0.028 188.852  the literature results have also been computed via statistical

Co, 155.939 54.974 3.013 213.927  mechanics, but using experimental rather than theoretical

ggg . 11:3-53;’13 gf-??:f :-02520 225322;74(? values for molecular parameters. For the molecules with no

HSOO" 160,011 88,471 10.310 2eg792  internal rotations, the JANAFand NBS tables are in excel-

CS, 162.749 65.408 9.767 237.924 lent agreement1W|th10ne another, with d|5CfepanC|eS of less

s2gl2cg 163.073 71.420 9.856 244349  than 0.15 J mol~ K™~ except for formaldehyde, ethene, and

HSCS™ 162.914 93.347 12.983 269.243  ammonia. We have selected the JANAF values as the pre-

24:5m ig;-;ig lgi-gg 1‘;-%3 g;-gﬁ ferred values for comparison since their treatment is often

5M15 : : . . ; . P P

HCN 149 857 49.677 1779 201313 Mmore detayled, for instance, for NI—U_ANAF incorporates

HNC 149.857 49.435 5.877 205.160 anharmonic and rovibrational coupling for the_ umbrella

CH,CO 155.365 77.846 7.993 241.204 mode. For formaldehyde and the molecules having internal

CH, 150.319 66.404 2.414 219.137  rotations, we have preferred the values of Chaal>®to the

CHe 150.760 74.145 6.390 231294 Gther literature values.

H, 117.489 12.651 0.000 130.140 Our current theoretical values represent quite reasonable

CH, 143.350 42.342 0.395 186.087 _ _ pre a

HBr 163.387 35.148 0.001 108535  estimates of absolute third-law entropies, being able to du-

plicate the JANAF and Chaet al. values for no-rotor sys-
Results are for the most abundant isotopomer, excepfP@rs™s. tems to within 0.5 Jmol* K™ for all molecules except

OCS. For OCS, the 0.6 JmdiK ! discrepancy is due to

errors in the degenerate bending frequend®.35
E2 and E2, to be discused in Sec. V, are identjcale pre-  gmol 'K ™Y, the C-S stretching frequency(0.20

sented in Table XI. In all cases, the most abundant isotope of mol"* K %), the moments of inertig0.15 J mol * Kb,
each atom is used, except for the additiof&“C**S isoto-  and non-RRHO effect§—0.10 J mol* K1), Surprisingly,

pomer of carbon disulfide. The entropies are separated infgse of the scaled MP2/6-31@) harmonic bending fre-
their tran5|ati0nal, rOtational, and vibrational ComponentSquency, rather than the scaled HF frequency, would actua”y
Symmetry effects in the rotational entropies are importaniyorsen the error for OCSnd cause our entropy for CQo
when considering reaction entropies; for instance, note thge 1.1 J mol* K too high. We note that bending frequen-
significant reduction of the entropy of ammonia when proto-cies of cumulenes are known to be somewhat difficult to
nated, due to the increase in symmetry frG), to Ty, and  obtainab initio. The largest discrepancy between the present
the large increase in entropy of OCS when proteonated ofesults and published values in this section is found for the
either end, due to the decrease in symmetry f@m to Cs  entropy of acetonitrile(CH,CN), where our entropy value
which creates a third rotational mode. The larger vibrationalies below that of the NBS tables by 2 J mbK . The use
entropy for HNC compared with HCN indicates that hydro- of experimental fundamentals for vibrational entropy in-
gen isocyanide is a floppier molecule than hydrogen cyanidesreases our value only by 0.5 J mbK ™%, leaving a puz-
Values of the entropy components at various temperazlingly large remaining discrepancy. However, when com-
tures are displayed for @, CS,, and pyrrole in Table XIl,  pared with the value from Lange’s Handbobkyr result is
and demonstrate the expected temperature dependencesggf underestimate of only 0.54 J mbK L. For ketene, the
Lange Handbook value is certainly more appropriate that
that of the NBS tables due to an apparent omission by the
TABLE XIl. Temperature dependence of components of third law entropiesl‘.jltter of the =R In 2 term which accounts for rotational
(1 atm for molecules without internal rotor® mol * K™4). symmetry.
Temp(K)  S(trang S(rot) S(vib) S(total) Isotope effects are fortunately quite minor, but warrant
o 208 15 120802 74,002 0026 188852 some discussion here. The_ valu_es for third-law entropies in
z 500 155,549 50.470 0442  206.460 Table Xl _and (_alsewhere in this work corre_spond to one
600 159.339 52.743 0856 212938 Mole of a single isotopomer. To compute a third-law entropy
for a compound with mole fractiong; of various isoto-

cs, 29815 162749 65408  9.767  237.924 -
500 173496 60707 20246 263449 POMErsi, one should properly compute
600 177.286 71223 24748  273.257

CiHsN 298.15 161.194 95778  14.072  271.045 S=> xS—RX X Inx;, (18
500 171.941 102226 45715  319.882 ' '
600 175731 104500  62.694  342.925

where the second sum is the entropy of mixing of isoto-
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6666 A. L. L. East and L. Radom: Computation of third-law entropies

TABLE XIIl. Comparison of absolute entropigd mol' K1) at 298.15 K and 1 atm.

This workk  Chaoet al®’ Langé  NBSH JANAFS Errod

Molecules with no rotors

Cco 197.83 19790 197.56 197(64) 0.2904)
N, 191.95 191.50 191.50 191.62) 0.4502)
NH3 192.37 192.34  192.34 192 @R) —0.2903)
H,O 188.85 188.72 188.715  188(03) 0.1304)
H,S 205.52 205.77  205.68 205.65 -0.13
CO, 213.93 213.68 213.63 21362 0.2412)
OCS 232.15 23146  231.46 231.58 0.57
CS, 237.92 237.78  237.73 237.@B) 0.0508)
CH;CN 242.93 243.47  245.01

Pyrrole 271.04

Pyridine 282.54 282.80

HF 173.79 173.68  173.67 173.67 0.12
HCN 201.31 201.67 201.67 201(02) —0.41(04)
HNC 205.17

HCI 186.54 186.77 186.80 186.79 -0.25
CS 210.49 210.46  210.45 210(84) 0.0504)
PH; 209.98 210.20 210.12 210.13 -0.15
CH,S 230.81

CH,CO 241.20 24179 24782

CH,O 218.72 218.7®4) 218.78  218.66 218.840) —0.0404)
C,H, 219.14 219.20 21945 219.22 -0.08

H, 130.14 130.59 130.57 130.@B) —0.4303)
C,HsCN 273.50

HCOOH 248.75 248.885) 248.74 —0.1305)
CH, 185.94 186.27 186.15 186.04) —0.20004)
HBr 198.54 198.61 198.58 198.6B) —0.0503)
Molecules with rotors

CH3OH 239.94 239.7M9) 239.70  239.70 0.209
CH;NH, 242.22 24259  243.30

CHzSH 255.11 255.06

Toluene 321.53 320.66

CH;OCHO 286.10 285.1(28) 301.25 0.988)
CH;CH,CN 285.97

CH4CHO 264.01 263.822) 264.22  250.2 0.122
CH3;CHCH, 266.82 266.60

(CH5),0 267.58 267.2@8) 267.06  266.27 0.328)
(CHgy),NH 273.79 27296  272.96

(CHy),S 286.33 285.85 285.85

(CHy),CO 295.92 297.545) 294.93 —1.5945)
CH3CH,NH, 282.94 284.85

(CH5),CCH, 293.37 293.59

(CHg)3N 290.08 288.78  287.0

&Corresponds to the E3 procedusze Section Y

bChaoet al. (Ref. 58.

‘Lange HandbooKRef. 3.

INBS Tables(Ref. 1).

€JANAF Tables(Ref. 2.

These values have been lowered by 0.11 Jthil* from the original 1 ba=0.1 MPa values to correspond
to 1 atm=0.101325 MPa values.

9Difference between current values and those of JANAF or Giteal.

PErroneously too high by In 2.

pomers. When reaction entropias$ are computed, the con- abundant isotopomers of carbon disulfidéS'?C®?S (de-
tributions due to mixing and rotational symmetry combine topgted C$ in Table XI and following tablesand 32S12C34s.
exactly cancel out all their isotope probability terms, andgrom the breakdown in Table XI one can see that the entro-
hence the only effect of isotopes for reaction entropies W"rlPies for these two forms differ primarily by the R In 2

be due to mass, vibrational frequencies, and moments of i B 1, -1 21234
tertia, which will largely cancel as well. Hence we use onIySymmetry term(=5.76 J mol * K™, absent for’S“C*s.

the most abundant atomic isotopes in our calculations fof "¢ Weighted average entropy at 298.15 K is 092
third-law entropies. To examine the effect of isotopes on ars® (¥’5'C¥9)+0.08 $°(¥$'°C*'5)=238.44 Jmol* K™,
absolute entropy, we computed entropies for the two mosthich becomes 240.76 J mdlK ~* with the entropy of mix-
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A. L. L. East and L. Radom: Computation of third-law entropies 6667

TABLE XIV. Comparison of method$298.15 K, 1 atm for calculation of TABLE XV. Temperature dependen¢g atm) of entropy of single internal

the entropy of single internal rotatiotd mol* K ~%). rotations(J molr* K™3).
S(Quo) S(Qhind S(Q1) Temp (K) S(Qno) S(Qhing) S(Qr)

CH;OH 5.666 7.345 8.358 CH;OH 298.15 5.666 7.345 8.358
CHZOH; 8.324 9.133 10.518 500 9.497 10.059 10.508
CHsNH, 5.833 7.467 10.742 600 10.931 10.949 11.266
CHNH; 6.737 7.475 11.870
Toluene 31.643 14.838 14.838 600 37.456 17745 17745

+
p-CrHo 20.560 14.874 14.874 CHyCH,CN 298.15 8.403 8.646 14.590
0-C7Hg 24.599 14.863 14.863 500 12.471 13.277 16.739
CH;OCHO 11.209 12.987 14.792 600 13.948 14.801 17.497
CH;OCHOH" 14.343 14.099 14.864
CH;CH,CN 8.403 8.646 14.590 CH;CHO 298.15 11.974 12.056 13.495
CH3CHZCNHJr 8.904 9.413 14.626 500 16.178 15.049 15.644
CH,CHO 11.974 12.056 13.495 600 17.678 15.989 16.402
cis-CH;CHOH" 13.154 11.052 13.752
trans-CH;CHOH* 14.198 10.752 13.711 4nternal rotation barrier is assumed negligible.
CH_%r 11.897 6.379 6.379
CH,CHCH, 9.381 10.254 13.801
4nternal rotation barrier is assumed negligible. where o is the rotor symmetry numberR=8.314511

Jmol ' K™% e~2.71828 is the natural log base, afg is
the rotor rotational temperature constant

ing. The value for one mole o’S*2C3°C in Table XIIl is 0,= 218721k, (20)
237.92 Jmolt K™% In tabulations such as those of NBS
and JANAF, the isotope effects which would cancel when

computing a reaction entropy.e., the rotational symmetry model also can be extrapolatéfi Vy— + 2 andT smal) to

and entropy O.f mixing terms mentioned ab))_\mee ignored, the harmonic oscillator, for which the entropy is
but the other isotope effects are generally included. Hence,

the proper comparison in Table Xl with the literature en-  S(Quo) =R(6ypp/T)(e%i/T—1)"1—R In[1—e~ %i/T],
tropies for carbon disulfide is best done with a value ob- (21)
tained by including the-R In 2 term intoS® (*5“C*S) be- \yhere g, is the torsional vibrational temperature constant
fore performing the isotope averaging; this removes the

effect of isotopes upon rotational symmetry and allows one Byip=hw/k (22)

to ignore the entropy of mixing of isotopomers altogether.and we take the harmonic oscillator frequensyto be the

The —RIn 2 symmetry term is retained because users of thecaled HF/6-31&{) torsional harmonic frequency. The HF/

literature values would assume a rotational symmetry of %5-31G(d) scaled harmonics are not expected to reproduce

for CS;, and can be proven to arise from proper considerthe true torsional fundamentals, nor the harmonics obtainable

ation of the rotational symmetry and entropy of mixing from the cosine potential, but are used to examine the per-

terms. This adjustment before averaging results in amormance of the harmonic oscillator approximation for tor-

Syos 150f 237.98 I molt K™%, which is little different from  sjonal modes with low barriers.

the ¥S'C%S value of 237.92, and hence we conclude that  Table XV examines the temperature dependence of these

isotope effects are quite minor. three models of internal rotation entropy for four selected
molecules. The high temperature asymptotic limit of the en-
tropy from a harmonic oscillator iR—RIn 8,;,+RIn T,

B. Species with one internal rotation which reveals a temperature dependence which is double that

To evaluate the importance of the hindered rotor mode ppropriate for an internal rotation. In Tables XIV and XV,

on third-law entropies, Table XIV presents the results. owever, the temperatures are not sufficiently high for that

(298.15 K, 1 atmfor the entropies of various single internal incorrect high-temperature asymptote to be a problem, ex-

; . : : cept for the modes with very low torsional harmonic fre-
rotations using three different models for the canonical par- b y

tition function. The hindered rotor entropies were found bygztergcii(\gh'Ci;ﬁgi?:ﬁgtlfafé?d:(f;gﬁg g gth g;gn:;tr?s of
linear interpolation of the values in the Pitzer tables, using,see ir? Tabllg.)’(v when goir;g fror’n 208 K to 606 K that the

our data which was presented in Tables V and VII for some, . . . . Iy .
. : . ._harmonic oscillator entropies are indeed rising relative to the
of these species. The hindered rotor model with barrle?ree rotor results

heightV, can be extrapolated to the free rotdrV,—0, for For the internal rotations in Table XIV, tH(Qp) val-

which the entropy is ues at 298 K are generally larger than those of the harmonic
S(Qq)=1/2R In[en/ 0?0, ]+ L/2R In T, (19  oscillators, and always lower than the free ro8§Q;) val-

whereh is Planck’s constank is Boltzmann’s constant, and
| is the rotor’s reduced moment of inertia. The hindered rotor
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6668 A. L. L. East and L. Radom: Computation of third-law entropies

TABLE XVI. Third law entropies(298.15 K, 1 atm for molecules with ably not been considered to date, may be significant. For
internal rotors(J mol " K™).% CHZOCHO, ours**&value is above that of Chasi al > by

0.9 Jmolt K1, Use of experimental fundamentals reduces
our value by 1.1 Jmolt K™%, accounting for the discrep-
CH,OH 151.981  79.507 ~ 1.109  7.345  239.943 gncy Qur value has a large error in this case arising from

S(trang S(rot) S(vib) S(hind) S(total)

Toluene 165.150 107.134  34.408  14.838  321.530 . ; .
CHLCH,CN 158.735  100.004  18.586 8646 285972 rglatlvely small errors in the calculated low frequency vibra-
CH.CHO 155.950  90.646 5356 12.056 264.007 tions corresponding to the COC bend and OHCHO tor-

CHZ 144110  60.738  0.931 6379 212.158 sion. Although both are underestimated by only 20 ¢m
(CHy,0 156.508 86.528 5911 18,630  267.577 this effect is greatly magnified because the absolute magni-
(CHy),CO 159.397  95.304  13.854  27.367  295.921 y,des of the fundamentals are so lgw300 cnY). This
CH,CH,NH,  156.238  93.980  8.324 24.399 282942

example highlights the sensitivity of the calculated entropies

(CHg)sC* 159.186  87.411  18.527  44.449  309.572 e
to the low frequency vibrations.

&The division of symmetry number effects inBfrot) and S(hind) is some-
what arbitrary. For cases where we assumed free roftohiene,

(CHp3C",CH), we choseoi,=3 consistently. For CECHNH,, the  C. Species with two internal rotations
S(hind) results required use @f(NH,)=3 for the Pitzer tables and a further
R In 3 added to remove the false symmetry effect. For the species with two internal rotation modes, nine

separate estimates of the contribution to the third-law en-
tropy from these two modes were computed, and these are

ues. The first of these observations indicates not only that thisted in Table XVII with labels A to I. Many approximations
high-temperature limits are not approached, but also that therere examined, primarily in an effort to find a suitably ac-
anharmonicity of the torsional potential surface in ©g,y  curate independent-mode approximation that might allow us
model is causing the energy levels to be more congested thaa avoid a two-dimensional numerical integration and per-
predicted by a harmonic potential. The exceptid@$s,  haps the use s eq@S Well. Our best estimates are shown
CH,CHOH", and CHOCHOH" in Table XIV) occur with  in the rightmost Column |, and arise from use @&.geq
small barrier systems, where the torsional frequency is sufwith the two-dimensional potential energy surfa¢®ESS
ficiently small that the crossover B(Qyo) caused by the described in Section Il C used Qs and their normal
incorrect highT limit occurs at quite a low temperature. As a mode frequenciegsee for example Equation Laused in
function of barrier height, the crossover occurs at roughlyQo quant@nd Qo ciass These are of use in assessing the
3-5 kdmol! at 298 K, the precise value depending on theresults of more approximate models.
moment of inertia. For barriers of this magnitude or lower,  The three varieties of independent-mode hindered-rotor
the free rotorS(Q;) value becomes accurate to within2 ~ approximations (ind.) which we examined, designated
Jmol K1 This suggests that a procedure which uses‘low,” “medium,” and “high”, are also independent-rotor
S(Quo) for systems with barriers-3.5 kJ mol'* and S(Q;) approximations, in contrast to the all-HO model, whose in-
for barriers<3.5 kJ mol'! to calculate entropies at 298 K dependent, andb, torsional modegC,, molecule$ each
can achieve-2 J mol't K™t accuracy, which leads to the E1 involve a coupling of the two methyl rotations. The low-
model of Section V. medium-high designations refer to the modification of the

Our best calculated total entropies for species with justhree parameters of the uncoupled potentf), A, and
one internal rotation mod@98.15 K, 1 atmare presented in Ag;) to produce single rotor barriers &f(0,60)—V(0,0),
the top part of Table XVI. The entries for the internal rota- 0.5*[V(60,60)-V(0,0)], and V(60,60)-V(60,0), respec-
tion are labelledS(hind) whether treated as hindered or free tively, except in the model described by column (Bur
rotations. Note that the systems with four or more first-rowPitzer table methogdfor which the single-rotor barriers cor-
atoms have enough low-frequency vibrations to ceh(sé) respond to the energy differences between the global minima
to climb above 10 J moft K™%, suggesting that the special- and single rotor maxima. In the usual case A§5>0,
ized scaling of “heavy-atom” bending mode frequenciesV(0,60)—V(0,0) has a lower value than60,60)-V(60,0).
(rather than the traditional use of general scale factors for alHence, use of the “low” barriefcolumns B, E, and H in
frequencies could be a source of improvement in accuracyTable XVII) should give an upper-bound entropy in the
for molecules of this size. Af5>0 cases(and lower-bound entropy in théj<0

For comparisons of these statistical entropies with literacase§, while use of the “high” barrier(not shown should
ture values we return to Table XIIl. Agreement is generallygive a lower-bound entropy in th&35>0 cases(upper
found to within 0.5 J mol* K™ of the best literature results, bound forA$$<0).
although two cases warrant attention. For 8H,, our Use of the “medium” barrier tended to give entropies
S?%8.15 yalue is below that of the NBS tabfesy 1.1  which were too low, because at our temperature$/f@0)-
Jmol KL The use of experimental fundamentals for vi- to-V(0,60) regions of the potential surfaces of these mol-
brational entropy worsens the discrepancy to 1.2ecules are “sampled” more often than thé(0,60)-to-
Jmolr*K™1 but, as with CHCN, our result for CHNH,  V(60,60) regions. However, knowing priori whether the
compares more favorably with the Lange Handbboklue  “low” or “medium” barrier will provide the better estimate
which lies only 0.4 J mol* K1 higher. Coupling of the in-  of third-law entropy at a given temperature appears difficult.
ternal rotation with the NKlinversion mode, which has prob- Certainly the higheW(0,60) is, the better the “low” barrier
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A. L. L. East and L. Radom: Computation of third-law entropies 6669

estimator becomesge.g., see(CH;),NH and (CH3),NH;,  distinct isomers, and hence an entropy of mixing of the three
which have large single-rotor barrigrs is added, approximated bR In 3 and included in Tables

The differences between columns B and H are due onl)XVI and XVII. The hindered rotor result is also obtained by
to the use of theQg.eq @pproximation, except for usingo=3 in its formula for the Pitzer tables, but adding
(CH5),CH* and (CH,),COH" for which (i) A,y and A;, R In 3 to account for distinguishability; this is equivalent to
terms are present in the full potential and are retained for allising the free rotor model witbr=1 but adding corrections
Qscaegresults, andii) the single-rotor barrier heights used for a potential of periodicity 3. Hence the exfan 3 can be
for calculation of column B results are obtained as energyshown to appear in all three treatments of the asymmetric
differences between global minima and single-rotor maximaEt-NH, torsion mode of ethylamine.
Hence the differences between columns B and H for the ten For dimethyl systems, the harmonic oscillator approxi-
other species should be just double those of our earliemation(column A of Table XVI)) produces errorecompared
single-rotor test table, Table VIII. At 600 K the differences with our best results shown in columhih third-law entropy
between S(Qscaed and S(Quing) are generally+0.02 to  which vary from —1.7 J mol* K™ (for (CH,),0 and
+0.06 Jmol*K~* which is consistent with our test table (CH3),S) to greater than-6 J mol'* K™* (for (CH,),CO) at
results forV/RT values of 4 or less. Columns D—F differ 298 K. The free rotor approximatiofcolumn Q generally
from columns G-I by using the scaled HF/6-3Hp(har-  produces larger errors, up to12 J mol * K™* at 298 K (for
monic frequencies iQpo quan@NdQuo class Father than the  (CHg),NH), although it comes within 1 J motK ™ of our
normal mode frequencies computed from the MP2/6-31best results fo(CHs),CO) and (CH,),COH" at the higher
+G(2df,p) PESs. The differences between the results ifemperatures, in which cases the model becomes more ap-
columns D—F and their counterparts in columns G-I aregpropriate. The Pitzer-table metho@olumn B shows a
small, generally 0.3 J mol K1 at 298 K and less than 0.1 maximum error of —1.4 Jmol* K™ (for (CHy),CH",
JmoltK™! at 600 K, and positive, suggesting that the which is least well suited by single cosine potentialthe
scaled HF/6-31G{) harmonic frequencies for internal rota- independent-mode method with the lowest maximum devia-
tion modes have a consistent remaining error, relative to thon [—1.1 I mol'* K™ for (CH,),0] relative to our best
MP2/6-311G(2df,p) values. results is the column G method, which can incorporate more

The special case of an internal rotation between twgcomplex one-dimensional potentials.
non-cylindrically symmetric groups was encountered only ~ The other components of the third-law entropies of spe-
once in our molecule set, that being the rotation of the amin&ies with two internal rotation modes are computed as be-
group against the ethyl group in ethylamine. Four energetifore, and are displayed fo(CHg),0, (CHy),CO, and
cally distinct stationary points are presentrans minimum  CHsCH,NH, in Table XVI.
(where the nitrogen lone pair fsansto the methyl group a For comparisons of our best values with literature val-
cis maximum, a pair of energetica”y equiva|ent ues, we return to Table Xlll. For these multirotor systems,
C,-symmetry gauche minima, and a similar pair of ourvalues are probably as goGtinot bettey than previous
C,-symmetry maxima. The MP2/6-3+1G(2df,p) relative literature values derived from experimental data, and devia-
energies of the MP2/6-31@] optimized conformationgin  tions of 1 Jmol*K™* are not dissatisfying. The-1.59
kJ mol'Y) are: gaucheminimum 0.0, trans minimum 0.7, J mol 1 K1 discrepancy between our value for acetone and
C,-symmetry maximum 9.%is maximum 8.2. The various that of Chacet al>® suggests an error in the latter; Chao has
barrier heights were averaged in order to use the simple p@n earlier valu& (295.3 Jmol* K™ which is similarly
tential form in Equation(3) and hence the Pitzer tablésl- ~ computed, and while we can reproduce his earlier value
umn B of Table XVI). At MP2/6-31G(), the trans con-  (With the Pitzer tables instead of his summation technitpe
former is actually the lowest in energy, and hence our HFWithin 0.2 Jmol* K™* we cannot do so for his later value,
frequencies and MP2 rotor moments of inertia were comartiving at a value within 0.3 J mot K™ of his older one.
puted for thetrans conformer. On the other hand, the resultsIn addition, if our barrier heights for acetone were raised
in Tables XVI and XVII for CHCH,NH, using Qgcgeqem-  from 2.6 to 3.3 kJ mol’, to mimic what Chaoet al. may
ploy PES normal mode frequencies computed agi#sche have used, our third-law entropy would actually ieeluced
minimum; the two-dimensional results change less than 0.0increasing the-1.59 J mol * K™* discrepancy.
Jmol K™t if the transconformer PES frequencies are
used.

The asymmetric rotation about the C—N bond in ethy-
lamine is also the only case encountered in this study
which one cannot simply use the torsional periodicityf
Eqg. (3) as the internal rotation symmetry numherin the A full analysis of three-dimensional coupling was
partition function. With the free rotor modely should be deemed beyond the scope of the present work. We examined
taken as 1 because all rotor positions are distinguishabldree triple-rotor species, but only with HO or free-rotor ap-
(even the two gauche forms are enantiomeidternatively,  proximations. The internal rotation barrier heights for a
one could user=3 in the formula but add In 3 to account  single methyl rotation ifCHg);N and (CHz);NH™ in Table
for this distinguishability. With the harmonic oscillator V are 18.52 and 14.24 kJ md}, respectively, which are suf-
model, one considers the three minima as corresponding tiiciently high for the harmonic oscillator approximation to be

[ . . . :
rb. Species with three internal rotations
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6670 A. L. L. East and L. Radom: Computation of third-law entropies

satisfactory(leading to entropies which are perhaps up to 2oped to reproduce the numerical results of the Pitzer tables to
Jmol K™ too low for the total entropy ofCHg);NH™ a somewhat lowered accuracy, which has been done
with a smaller error fofCHg)3N). previously?%:10°

The tertiary-butyl cation,(CH3),C*, has a somewhat The method of highest accuracy presented in this paper
more interesting potential surface associated with the facileve designate as a third-level or E3 procedure, which is iden-
internal rotations of the three methyl groups. On the oneical to the E2 procedure except for systems with two inter-
hand, two of the three MP2/6-31@)Y normal mode frequen- nal rotations. In these cases, E3 requires additional MP2/6-
cies corresponding to internal rotation (@H3),C" are al-  31G(d) geometry optimizations, and MP2/6-3tG(2d f,p)
most of the same magnitude as those in isobutene, for whicénergy points are used to analytically fit a coupled potential
use of the free rotor model would lead to overestimation ofenergy function, which is used in an approximate, scaled
the contribution to the total entropy by almost 9 partition function (Qgcaed together with numerical two-
Jmol ™ K. On the other hand, the entire torsional potentialdimensional integration to produce the entropy for the inter-
surface of(CHy);C" (three torsional dimensiondits within  nal rotation modes. Establishing a general recipe for con-
an approximately 6 kJ mof span, which is much flatter than structing the internal rotation potential surfaces which is
in isobutene where the two-dimensional surface spans abosppropriate for all multirotor cases will require future re-
21 kI mol* (with a single-rotor barrier height of about 9 search, and may not result in an attractive method, particu-
kJ mol™h), which suggests that the free rotor model shouldiary if triple-rotor cases like(CHs),NOH or rotor-in-rotor
do much better for the tertiary-butyl cation than for cases like diethylether will require much maik initio data.
isobutene. The combination of these two factors may meamrhe E1, E2 and E3 models for systems with two internal
that the free rotor approximation performs well f@H;);C"  rotations correspond to the entries in columns A, B and I,
at higher temperatureg.g., 500-600 Kwhile at lower tem-  respectively, of Table XVII, except that E1 values for ac-
peratures the complex three-dimensional hindrances becomgone and protonated acetone would employ the free rotor
increasingly important and affect the applicability of the free gpproximation.
rotor model to an unknown extent. In this case, it is possible  Table XVIII compares the result®98.15 K, 1 atm of
that a three-dimensional potential surface function of accuthe E1, E2, and E3 procedures for the molecules listed in
racy comparable to that of the two-dimensioahlinitio sur-  Taple XIlI, minus the non-rotor molecules for which no
faces used in the previous section could significantly im-JANAF? or Chaoet al > values are available. Mean absolute
prove the current, free-rotor-based 298 K result. and maximum deviationgelative to literature values or to

E3 values are listed in the table, although the sample sizes
V. THEORETICAL MODELS FOR COMPUTING for the molecules mvolymg one and twollnternal rotations
ENTROPIES are so .smaII that the statistics are suggestive, rather than truly
indicative.

We now define three different procedures for computing  For the molecules without internal rotations, all three
ab initio third-law entropies in general. The simplest of thesemethods are identical, and for the test set of 19 molecules the
procedures, designated E1, uses MP2/6-8)GHtructures calculated entropies show a mean absolute deviation of 0.21
for the rotational entropy and HF/6-316)( frequencies Jmol'*K™! and a maximum deviation of +0.57
scaled by 0.8929 with the harmonic oscillator approximation) mol ' K ! relative to the chosen literature values. A sim-
for all internal modes, except for internal rotations havingpler version of the E1 procedure which avoids the MP2 op-
very small barriers, which are treated as free rotations. Herémization is to use the HF/6-31@] structures for the rota-

a “very small barrier” is defined as less than IRl at the  tional entropies. With this simplification, the mean absolute
MP2/6-31G¢) level of theory, which corresponds to 3.5 deviation and maximum deviation for this test set approxi-
kJ mol ! at 298 K and 7.0 kJ mof at 600 K. As a compro- mately double to 0.4 ane-1.0 J mol'* K™, respectively.

mise between accuracy and efficiency, the moment of inertia  For the molecules with single rotors, the E1 values de-
approximation for the(relatively raré free-rotor substitu- viate from E2(or E3) values by—0.9 to —1.8 Jmol 1 K%,
tions in the E1 model is taken a&Y. except for ethyl cyanide, acetaldehyde, and toluen8.2,

The next procedure, designated E2, is identical to E1-0.1, and 0.0 J mol K ! respectively. The E1 result for
except for the treatment of all internal rotation modes, forethyl cyanide is good because the high barrier to internal
which independent-mode internal rotation barrier heights areotation (13.4 kJ mol!) makes the HO approximation a
computed at the MP2/6-311G(2df,p)//MP2/6-31G() good one. The E1 result for acetaldehydearrie=4.7
level of theory, thel ™™ approximationd &%, (4D 1G4 k3 molY) is fortuitously good because of the early onset of
andl “* are calculatedfor symmetric single rotor, symmet- the incorrect highF asymptote of the harmonic oscillator,
ric multi-rotor, asymmetric single rotor, and asymmetric which can be seen in the results of Table XV and was noted
multi-rotor systems respectivélyand the Pitzer tables used earlier for CHCHOH". Toluene represents the extreme case
to provide their entropy contributions. This procedure couldof this incorrect hight asymptote. Use of the harmonic os-
conceivably be automated if the Pitzer tables are installed asllator approximation leads to an error o0f+22.6
a computer database file and a computer program written tdmol t K™%, This is the motivation for treating low fre-
compute the internal rotor moments of inertia. Alternatively,quency torsions, which will frequently be associated with
as a modification to E2, a functional form could be devel-sixfold or approximately sixfold symmetries, as free rotors
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TABLE XVII. Comparison of methods for the calculation of entropy of multiple internal rotati@88.15 K, 500 K, 600 K; 1 atm; J mot K™%).

Column label A B Cc D E F G H |
Partition functioft QHO thnd Q¢ Qscaled Qscaled Qscaled Qscaled Qscaled Qscaled
Frequency used if,o” HF HF HF HF PES PES PES
Potential used HF Low ind. 0 Med. ind. Low ind. Full Med. ind. Low ind. Full
298.15 K

(CH5),CH" 23.620 22,782 27.861 23.138 25.902 23.470 23.549 26.192 24.174
(CHy),0 16.897 18.365 28.266 19.251 18.210 18.500 19.319 18.353 18.630
(CH,),0H* 22.092 22.939 28.587 22.129 22.816 22.536 22.323 22.968 22.681
(CHy),NH 15.330 16.420 28.423 16.620 16.203 16.292 16.740 16.358 16.443
(CHg),NH3 16.843 18.068 28.725 16.307 17.910 17.540 16.564 18.037 17.651
(CHa),S 19.728 21.500 29.307 21.293 21.366 21.342 21.417 21.486 21.461
(CHg),SH" 20.470 21.575 29.421 20.209 21.406 21.024 20.433 21.559 21.173
(CH5),CO 33.439 28.529 29.545 26.707 28.593 27.341 26.866 28.624 27.367
(CHg),COH* 29.639 28.930 29.574 27.512 29.351 28.029 27.551 29.281 28.061
CH4;CH,NH, 23.03% 24.323 34.564 24.144 24.163 24.158 24.383 24.400 24.399
CHzCH,NH3 15.812 17.140 28.215 15.989 16.961 16.746 16.214 17.101 16.877
(CH5),CCH, 19.705 21.399 29.508 19.774 21.269 20.809 19.973 21.379 20.916
500 K

(CHg),CH" 32.020 29.917 32.160 29.786 31.279 29.920 29.937 31.385 30.180
(CH5),0 25.030 27.267 32.564 28.000 27.256 27.601 28.025 27.309 27.649
(CHg),OH* 30.440 30.338 32.885 29.985 30.356 30.135 30.055 30.411 30.188
(CHg),NH 23.365 25.650 32.722 25.952 25.590 25.726 25.997 25.648 25.782
(CH3),NH3 24.962 27.147 33.024 25.785 27.126 26.594 25.880 27.173 26.635
(CHy),S 28.006 29.801 33.605 29.763 29.809 29.785 29.809 29.853 29.829
(CHg),SH* 28.774 29.892 33.720 29.106 29.887 29.494 29.188 29.943 29.548
(CHy),CO 41.942 33.475 33.844 32.734 33.493 32.870 32.791 33.503 32.879
(CH5),COH* 38.135 33.629 33.873 33.048 33.787 33.153 33.062 33.762 33.165
CH3CH,NH, 30.953 32.911 38.863 32.842 32.857 32.851 32.934 32.948 32.943
CH4CH,NH3 23.878 26.184 32.514 25.338 26.152 25.837 25.422 26.205 25.885
(CH3),CCH, 27.975 29.808 33.807 28.811 29.819 29.326 28.884 29.859 29.365
600 K

(CHy),CH" 35.018 32.032 33.676 31.892 33.031 31.963 31.997 33.105 32.145
(CHy),0 27.982 30.058 34.080 30.671 30.072 30.391 30.689 30.109 30.424
(CH,),0H* 33.429 32.551 34.401 32.295 32.574 32.391 32.344 32.612 32.428
(CHa),NH 26.299 28.708 34.237 29.004 28.693 28.831 29.035 28.734 28.870
(CHg),NH3 27.911 30.039 34.539 28.911 30.046 29.521 28.978 30.078 29.549
(CH,),S 30.984 32.292 35.121 32.289 32.325 32.304 32.321 32.355 32.334
(CHg),SH" 31.756 32.389 35.236 31.798 32.412 32.063 31.855 32.451 32.101
(CH5),CO 44.958 35.095 35.360 34.576 35.114 34.648 34.615 35.122 34.654
(CHg),COH* 41.149 35.221 35.389 34.802 35.328 34.855 34.812 35.311 34.863
CH4;CH,NH, 33.867 35.720 40.379 35.696 35.709 35.703 35.760 35.772 35.767
CH4CH,NH3 26.818 29.125 34.030 28.431 29.124 28.808 28.489 29.160 28.842
(CH5),CCH, 30.951 32.345 35.323 31.577 32.377 31.933 31.628 32.405 31.960

#Partition function used: H&harmonic oscillator, hingrotor hindered by a cosine potentiéik-free rotor, scaleg Pitzer—Gwinn scaled approximation from
Eq. (9).

bFrequencies used i@, partition functions(both Qo quant@Nd Qo ciasd: HF=scaled HF/6-31GH) torsional harmonics, PESharmonics from model
potentials.

‘Potential function used in partition functidjust in Qgj,ssin the case 00 g ed- “LOw ind.” refers to independent rotors with lower-bound barrier heights,
whereas “med. ind.” uses medium barrier heights; see the text.

9RIn 3 has been added for asymmetentropy of mixing.

within the E1 model. The difference between the E1 and Edree rotors in the E1 procedure. The E2 values suggest that
(or E3 values for toluene, due only to the differerif®™ E2 does come close to the goal of 1 J mdk ! accuracy,
approximations, is imperceptible. which appears to be the limit for an independent-mode pro-
For the molecules with two internal rotations, the E1cedure.
values deviate from E3 values byl.1to—1.8 Jmol 1 K2,
except for acetoné+2.2 Jmol't K1), for which two free
rotors were employed in place of two harmonic oscillators.
The barriers to internal rotation in acetone are small enough Three general models for computing third-law entropies
that the incorrect high- asymptote makes the harmonic os- for gas-phase molecules or ions have been developed and
cillator model a poor approximatiofresulting in a+6.1  presented in this study, and are designated E1, E2, and E3.
Jmol 1 K~! deviation from E3, hence the replacement by For small, rigid molecules, the three models employ the

VI. CONCLUSIONS
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TABLE XVIII. Third-law entropies(J mol"* K™% derived using the E1, E2 and E3 procedures, at 298.15 K and 1 atm pressure.

Molecules with no rotors Molecules with one rotor Molecules with two rotors
E1,E2,E3 Literature® E1l E2,E3 Literatur®® E1l E2 E3 Literaturg®
CO 197.83 197.504) CHZOH 238.26 239.94  239.709 (CHy),0 265.84 267.31 267.58 26728
N, 191.95  191.5®2) CH,NH, 24059  242.22 (CHy),NH  272.68 273.77 273.79
NH; 192.37 192.6@3) CH;SH 253.78 255.11 (CHy),S 284.60 286.37 286.33
H,0O 188.85 188.7(M4) Toluene 321.58 321.53 (CHy),CO 298.1% 297.08 295.92 297.%45)
H,S 205.52 205.65 CHDCHO  284.32 286.10 285.028) CH,CH,NH, 28157 282.86 282.94
co, 213.93 213.6A12) CH;CH,CN 285.72 285.97 (CHy),CCH, 292.16 293.85 293.37
0oCs 232.15 231.58 CEHO 263.92 264.01 263.822)
CS, 237.92 237.808) CH,CHCH, 265.95 266.82
HF 173.79 173.67
HCN 201.31 201.7@4)
HCI 186.54 186.79
Cs 210.49 210.404)
PH; 209.98 210.13
CH,0O 218.72  218.7®4)°
CH, 219.14  219.22
H, 130.14 130.5[03)
HCOOH 248.75 248.885)
CH, 185.94 186.1M4)
HBr 198.54 198.5@3)
IDevi 0.21 1.0 1.6 0.34
Max dev? +0.57 +1.8 +2.2 +1.16

28JANAF Tables(Ref. 2, except where indicated.

bChaoet al. (Ref. 58.

‘These values have been lowered by 0.11 Jthisl™ from the original 1 bar0.1 MPa values to correspond to 1 atf.101325 MPa values.
YEmployed a free rotor with(>Y=3.0425 amu A The value obtained using the HO approximation for all modes would be 344.10°3 iol.
*Employed free rotors with?>Y=2.9989 amu A The value obtained using the HO approximation for all modes would be 301.99°3 Kiol.
fincludesR In 3 for entropy of mixing of isomers.

9Mean absolute deviationgDeV|) and maximum deviationgMax dey are quoted relative to literature valuémolecules with no rotojsor E3 values
(molecules with rotons

same theoretical procedures as used in G2 theory, namely Our investigation of various statistical thermodynamic
MP2/6-31G(@) optimized geometries and scaled HF/6- models for calculating the entropy of an internal rotation
31G(d) harmonic vibrational frequencies. They provide en-shows that significant improvements on harmonic oscillator
tropies accurate to 0.5 J mdlK ! at 298 K. For molecules and free rotor results can be made using tabulated results for
with one internal rotation, E1 uses the harmonic oscillatorsingle cosine potentials. The harmonic oscillator approxima-
approximation for all vibrational modes except for very low tion usually underestimates the entropy, by 1-2 Jrhil ™!
frequency torsions which are treated as free rotors. It willat 298 K for internal rotations having barriers between
usually underestimate the third-law entropies, by up to taoughly 4 and 10 kJ moF, but can cause a substantial posi-
~1.5 Jmol*K 1. The E2 and E3 models replace the har-tive error when the barrier is less thamt kJ mol ! at 298 K
monic oscillator approximation by use of a single cosinedue to its incorrect high-temperature or low-frequency as-
potential (calculated at the MP2/6-3#1G(2df,p)//MP2/6-  ymptote, by up to+23 J mol'* K~ in our worst casétolu-
31G(d) level) for single-rotor molecules and this gives en- ené. The free rotor model results in overestimates of entropy
tropies accurate to 1 JmdiK ! at 298 K. For molecules which are worst in high barrier situations, by up 6
with two internal rotations, E1 should be accurate to 2J mol * K1 per internal rotation in the cases studied here. A
JmoltK™! unless the internal rotation barriers are 2-4judicious combination of the harmonic oscillator and free
kJ mol, in which case the error might be slightly larger, rotor approximationgas in the E1 modglimits the error to
while E2, which uses an independent-mode approximatiorrather less than 2 J mol K~ per internal rotation. Results
will probably be accurate to significantly better than 2using an idealized simple cosine potentias in the E2
Jmol* K1 E3, which takes into account the coupling be-mode) are anticipated to be accurate to better than 1
tween rotors, should be accurate to 1 J™Md ! unless J mol'* K™ for internal rotations for which this potential is
there are many low-frequency modes present. For systemeasonable. For species with two internal rotations, various
with two neighbouring internal rotors, E3 represents one ofttempts at independent-mode-approximation mo@eg

the most accurate means of computing third-law entropieslifferent choices for uncoupled potentials and partition func-
reported to date. The E1 procedure, on the other hand, isons) failed to significantly improve on the accuracy of re-
sufficiently simple and generally gives sufficient accuracy tosults using simple individual cosine potentials. In these
be suitable for widespread application. cases, a treatment involving rotor-rotor potential couplig
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in the E3 model gives the most accurate results, and two-

dimensional potentials based on MP2/6-313(2df,p) en-

ergies are presented for the internal rotations of twelve such

species.
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