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This work attempts to improve the theoretical reproduction of thermodynamic properties, such as entropies
and heat capacities of gas-phasalkanes, by using a more precise quantum-mechanical treatment of the
internal rotations. Present ab initio methods all handle the internal modes in the harmonic oscillator approach.
It has already been noted that this approach underestimates the microscopic partition functions (Van Speybroeck
etal.,J. Phys. Chem. 200Q 104, 10939). In this work, an uncoupled scheme for internal rotations is applied

to a large number afi-alkanes within the DFT formalism at the B3LYP/6-311g** level. The method being
examined in this paper drastically improves the agreement between theoretical and experimental thermodynamic
properties. Moreover, the method has been shown to be efficient and to be easily implemented in each ab
initio software package.

Introduction n-Alkanes constitute an ideal series of molecules to test the

Ab initio calculations provide a highly appropriate way to influence of internal rotations on ther_modynar_nic properties.
calculate various thermodynamic properties, such as the entropyTney contain methylene sequences with a chain of subsequent
and heat capacity, by statistical mechanics. Basic quantities ardhternal rotations. In addition, accgrate experlmental estlm.ates
the microscopic partition functions related to all degrees of for the entropy and heat capacity are available at various
freedom present in the molecule, as the overall translation andtémperatures and in the range from ethane to detzngast
rotation of the molecule and the remaining internal vibrational and Rador#f carried out an extensive study of small molecules
modes. In standard ab initio codes, all internal vibrational modes &t different levels of ab initio molecular orbital theory and
are treated within the harmonic oscillator approach. However, different methods for calculating entropies and showed that
in previous work of the authoés3 the importance of treating ~ €ntropies co_uld be calculated to W|th|n 1 (J/K)/mol. Therefore,
low vibrational modes in a more appropriate way was shown. they used high levels of theory (ranging from MP2/6-31G(d)
As the molecule gets larger, the number of vibrational degrees t0 MP2/6-311G(2df,p)) and treated individual internal rotations
of freedom increases and the contribution of internal rotations explicitly with a cosine potential based on barrier heights of
to the total entropy and other thermodynamic properties becomesthe torsional potential. Their method differs from the presented
larger. The larger the molecule, the higher the sensitivity of e in the number of contributions in the Fourier fit in
the approximations applied to calculate the partition function. eproducing the torsional potential. o _

In this paper, we show that even the most straightforward Another recent paper regardmg the ab |n|t|o_calculat|on of
method of describing internal rotational modes, which is based the entropy of gas-phase organic molecules is the work of
upon one-dimensional rotational potentials, obtained from ab Guthrie:* Entropy values are calculated at the B3LYP/6-31G**
initio calculations, drastically improves the accuracy of repro- |€vel of theory with an overall standard deviation of 5.35
ducing thermodynamic properties. The goal of this paper is to (J/K)/mol in entropy at _298.15 K. The training set consisted of
apply the uncoupled model, outlined in previous work of the 128 molecules with particular focus on relatively large mqlecules
authorst—3 on n-alkanes up to decane and to study its influence With up to 10 carbon atoms. In the work of Guthrie, the
on the reproduction of the entropy and heat capacity, for which calculated entropy values have been adjusted by an empirical
good experimental values are available. A more elaborate cOrrection term that accounts for various low-lying conforma-
treatment of subsequent internal rotations in a coupled schemelions. This study reports values of entropies that are quite
is feasibléS but requires a high numerical cost in the construc- Satisfactory, emphasizing the adequacy of density functional
tion of multidimensional torsional potential surfaces. This theory (DFT)-like models in reproducing thermodynamic prop-
general scheme is not of practical use to implement in presenterties with an acceptable accuracy.
ab initio codes but gives an indication of the reliability of the
various approximations that may be applied to the general
scheme. Such generalization is outside the scope of the present All ab initio calculations were performed using the
study. This paper primarily aims at emphasizing the importance Gaussian98 software packageAll optimizations, frequency
of considering more elaborate treatments of low vibrational calculations, and potential scans were done using BRith
modes. They mostly correspond with quasi-free or hindered Becke's three-parameter B3LYP functior&lThe molecular

Methodology and Computational Details

rotations of part of the molecule about a single bond. orbitals were expanded in a tripfe6-311G basis augmented
with single first d and p polarization functioA3This functional
To whom all correspondence should be addressed. F82 (0)9 264 is known to give a reliable and quantitatively acceptable
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guantum chemical study of conformational energies and rota-
tional energy barriers was performed by Smith and Jaffe in
n-alkanes using high-level ab initio methodsAs will be

discussed later, a comparative study between their results and
ours shows that the agreement is remarkable even on the

guantitative level. The frequency calculation gives all normal

modes of the molecule and enables us to select those vibrational

modes that correspond with internal rotations. In the uncoupled
scheme adopted in this work, the one-dimensional rotational
potential is calculated for the selected modes by performing a
scan in terms of the relevant torsional angle and relaxing all
other degrees of freedom. This procedure is slightly different
with that applied by the authors in previous wérkwhere the
potential is determined by some stationary points, corresponding
with a full geometry optimization. The latter scheme is expected
to yield more realistic values of the rotational barri&?€ and

the barrier heights resulting from the scan procedure are in good
agreement with the high-level ab initio predictions, as will be
shown later in the discussion. The final potential is then obtained
by fitting a cosine series through the calculated data points:

18

Vi(4) = (L — cos(¢) (1)
25

with index i standing for the identification of the particular
internal rotation under consideration. The partition function can
now be obtained quantum mechanically or classically dependent
on the temperature range of interest. For low temperatures
(below 400 K), a quantum mechanical treatment is needed and
one has to solve the one-dimensional Sdimger equation

|

This is done by the numerical procedure as outlined in ref 3,
yielding all rotational energy eigenvalueg required for the
evaluation of the partition function of internal rotatiodefined

by
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2B; g2

+ Vi) | ¥ii(d) = exii(y) 2

1 .
G = ; nge WD (3
i

with o; the symmetry number of the rotational top agdthe
degeneracy of the energy level The quantitys; in the one-
dimensional Schidinger equation represents the generalized
reduced moment of inertia of an asymmetric top as defined in
ref 21. For symmetric tops it reduces to

l;
_ _ 2 b
Bi=1|1 Z)’k Igl,

with yy the direction cosines between the rotational axis and
the axes of inertia of the global moleculethe moment of the
top, andlgx the moments of inertia of the global molecéte.
For temperatures above 500 K, the quantum mechanical and
classical partition functions are expected to converge. The
classical partition function is obtained as an integfal:

(4)

27KTB,

o; h

f e*Vi(d)i)/(kD d¢i (5)

Finally, the partition functions as determined in the harmonic
oscillator approach are replaced by the new values. Knowledge
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Figure 1. Potential of methyl rotation in pentane relative to the
energetically most favored conformation (trans).
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Figure 2. Potential of the ethyl rotation in butane relative to the
energetically most favored conformation.
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of the total molecular partition function allows us to evaluate
macroscopic thermodynamic quantities, such as the entropy

_ alng
S= R(In q+ T(_Z)T )) (6)
and the heat capacity
_ alng , —dInq
C= RT(Z_BT + T—8T2 ) (7)

Results and Discussion

1. Torsional Potentials.In n-alkanes, two classes of rotational
potentials are present: one corresponding with rotations of
ending methyl groups (Figure 1) and another associated with
CCCC carbon torsional variations (Figure 2).

The potential of the methyl rotation has a 3-fold symmetry
and is determined by only one parameter, the relative potential
barrier height; the reference conformation is defined as the all-
trans conformation. This parameter is plotted for the different
alkanes in Figure 3. The relative potential barrier height seems
to converge to a value of12 kJ/mol for the larger chains.
This convergence can be expected since, as the chain length
increases, the tops do not feel the effect of the other methyl
end but only of the closestH, groups. The inner rotational
potentials all show a general behavior as schematically presented
in Figure 2. The reference trans equilibrium (t) conformation
at ¢ = 0° is separated from the higher energy gauche
conformation (g) ¢ ~ 115°) by the t-g barriers (60), while
direct transition between the gauche states requires traversing
the cis barrier¢ = 180°). The energy difference between the
trans and gauche conformations has been the subject of much
debate in the past, from both experimental and theoretical points
of view.1? It is also an interesting issue to find out whether
convergence is achieved for the gauche energy and barrier
heights in largem-alkanes. Although this is not the topic of
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Figure 3. Potential barrier height of the ending methyl rotation relative Figure 4. Cis barriers relative to the trans conformation.
to the energetically most favored conformation.

4,00 1
TABLE 1: Gauche Energy and t—g and Cis Rotational
Energy Barriers in n-Butane and n-Hexane

MP2/6-311G(2 Herrebout B3LYP/
MP2/6-311G*® gf,p)/CCSD(T}  etall  6-311G**

3,80 1

3,60 1

(kJ/mol) (kJ/mol) (kJ/mol) (kd/mol) E

n-Butane 3 3.40 |

t 0.00 0.00 0.00 ' P

t—g 14.22 13.85 13.58 ommene

g 213 2.26 2.80 3.45 320 e

cis 24.77 22.93 23.67 o pentyl rotation
n-Hexane 3,00

t 0.00 0.00 butane pentane hexane heptane octane nonane decane

t—g 12.09 12.95 Figure 5. Local minimum heights at gauche conformation relative to

g 1.84 2.18 3.52 the trans conformation.

cis 23.55 23.69

aReference 19 Reference 23 This work. The cis conformation is always located at a torsional angle

of 187 due to the symmetry of the rotational potential. This

the present paper, some preliminary conclusions may still be means that the energies resulting from our scan equal those
drawn. Many ab initio calculations of the gauche energy in obtained from full geometry optimizations toward a transition
n-alkanes have been perform&#+28 An overview of the state. Convergence of the cis barrier height is obtained within
different results is given in ref 19. We report in Table 1 the 0,05-0,07 kJ/mol, which is within the numerical accuracy. Not
most advanced results of the gauche energy and-tgeand only convergence within each class of internal rotations is
cis rotational energy barriers inbutane andh-hexane. The present, but also the values of the cis barriers of the propyl,
B3LYP/6-311G** predictions of the barriers agree quite well butyl, and pentyl rotations are converged in decane. This was
with those obtained with very high-level computational calcula- expected, since the larger the alkyl chain, the smaller the effect
tions such as MP2/6-311G(2gf,p)//CCSD(T). The differences of the boundaries on the specific internal rotation.
between the cis and the-g barriers are very well reproduced, The gauche conformation is not always located at the same
and this agreement strengthens the reliability of our predictions position of the torsional angle for the different internal rotations
of the entropy corrections due to the internal rotations on the and for the various alkanes. In our scan, a local minimum was
quantitative level. On the other hand, the gauche energies arefound at 115. To find the real gauche state, we performed
somewhat overestimated, but it is expected that those energie%ptimizations starting from this 125eometry. The resulting
have little influence on the rotational energy levels as obtained relative energy values of these stationary points are shown in
from the eigenvalue equation (eq 2). Figure 5. Again convergence up to 0,05 kJ/mol is achieved in

To check this assumption, we used the gauche energy valueterms of the length of the alkyl chain. Moreover in decane, the
from ref 23 to calculate the energy levels of the inner rotation relative gauche energies associated with the various torsional
of hexane. This slight change lowers the ground rotational motions are also converged within the numerical accuracy.
energy level by 1.2%, while the decrease of the higher energy In this work, we adopt the uncoupled scheme. In other words,
levels is even smaller (1%). These small changes give rise toall torsional potentials are one-dimensional, and for large
an increase of the entropy by0.2 (J/K)/mol at 300 K, while deviations from the equilibrium values of the torsional angles
at higher temperatures, the results are unaffected. The valuesn the chain, we can expect that the uncoupled representations
of the heat capacity are somewhat more influenced: a decreasef subsequent internal rotations may seriously differ from the
of ~0.9 (J/K)/mol at 300 K, while at 1500 K, there is an increase multidimensional scheme. Conformers with several gauche
of 0.05 (J/K)/mol, bringing the calculated values closer to configurations (such as gtg, gg, ggg, ...) are probably not very
experiment. The variations, however, are still very small. These well described in this approximation. We refer to ref 29 for a
results ensure that the potential values obtained by the B3LYPthorough discussion about the stability of those conformers.
functional have enough accuracy for the goal of this paper. The Nevertheless, we want to emphasize that our calculations give
different parameters characterizing the gauche and cis confor-evidence for slight changes in the geometry in the applied
mation (g and cis) are plotted in Figures 4 and 5 for the various constrained optimization procedure. If the constraint concerns
internal rotations of the €C—C—C torsional angle in terms  one torsional angle, the relaxation affects the original conforma-
of the length of the alkyl chain. tion to a very small extent, and in addition, the relaxation only
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TABLE 2: Entropy and Heat Capacity of Ethane? TABLE 3: Entropy and Heat Capacity of Propane?
temp (K) H.O. I.ROM: I.R.C exptl temp (K) H.O. |.RQM I.R.C exptl
S 298.15 227.770 229.011 228.349 229461 S 298.15 268.645 271.013 270.120 270313
300 228.083 229.331 228.677 229.887 300 269.081 271.466 270.583 270.969
400 244.385 245.912 245.547 246.378 400 292.079 295.164 294.666 294.739
500 259.940 261.526 261.304 262.844 500 314.335 317.728 317.421 317.768
600 274913 276.411 276.267 277.568 600 335.862 339.252 339.051 339.753
700 289.288 290.610 290.513 292.880 700 356.546 359.727 359.590 360.668
800 303.053 304.154 304.085 305.904 800 376.338 379.186 379.088 380.528
900 316.218 317.073 317.022 319.875 900 395.237 397.682 397.610 399.881
1000 328.800 329.401 329.363 331.628 1000 413.271 415.276 415.222 417.293
1100 340.824 341.170 341.141 343.597 1100 430.476 432.025 431.983 434321
1200 352.316 352.410 352.387 355.012 1200 446.892 447.983 447.950 450.526
1300 363.301 363.151 363.133 365.908 1300 462.564 463.201 463.175 465.961
1400 373.808 373.421 373.406 376.814 1400 477.535 477.727 477.706 480.8675
1500 383.864 383.249 383.237 386.260 1500 491.847 491.606 491.589 494921
Co 298.15 50.52 51.73 53.00 5249 Co 298.15 70.33 73.00 74.70 73%0
300 50.74 51.94 53.20 5291 300 70.68 73.34 75.03 73193
400 63.44 64.08 64.86 65.46 400 90..35 92.34 93.38 9401
500 76.32 76.19 76.70 7794 500 109.57 110.24 110.93 112559
600 88.07 87.23 87.58 89.19 600 126.72 125.98 126.47 128570
700 98.49 97.06 97.31 99494 700 141.69 139.71 140.06 142%7
800 107.70 105.81 105.99 10794 800 154.74 151.74 151.99 154577
900 115.83 113.57 113.70 115¢71 900 166.15 162.32 162.51 16535
1000 122.99 120.44 120.54 122¢55 1000 176..12 171.62 171.77 174°60
1100 129.29 126.50 126.58 128¢55 1100 184.84 179.79 179.91 18267
1200 134.81 131.83 131.89 133¢80 1200 192.45 186.96 187.05 189274
1300 139.64 136.51 136.56 138¢39 1300 199.09 193.24 193.31 19585
1400 143.88 140.62 140.66 142¢40 1400 204.89 198.74 198.80 201021
1500 147.59 144.23 144.27 145¢90 1500 209.96 203.56 203.61 20589

aEntropy in units of (J/K)/mol; heat capacity in units of (J/K)/mol.
b Experimental entropy values obtained from ref Experimental heat
capacity values obtained from ref 6.

a Entropy in units of (J/K)/mol; heat capacity in units of (J/K)/mol.
b Experimental entropy values obtained from ref Experimental heat
capacity values obtained from ref 6.

has effect on the closest neighbors. Anyway, an explicit TABLE 4: Entropy and Heat Capacity of Butane?
application of the coupled scheme is recommended in order to

! temp (K) H.O. |.RM- I.R.C exptl

draw general conclusions about the adequacy of the uncoupled s 20815 300760 311082 310138 309910
schem.e to pred!ct entropy corrections due to internal rotations 300 301323 311680 310756  310.946
on a high quantitative level. Those calculations are very time- 400 331.110 343208  342.686
consuming and are in progress. 500 360.083 372.934 372.614 372.794

2. Entropy and Heat Capacity. We report the calculated 600 388.156  401.150  400.941
values of the entropy and heat capacity for thalkanes in 700 415137 427.910  427.767  428.986
Tables 2-10, together with the experimental values over a large 388 igg-ggg igg’ég% 3?3'5?3
temperature range. W(_e distinguish between t_he predictions made 1000 489042 500212 500155  502.749
in a quantum mechanical approach (by solving eq 2) and those 1100 511.420 521.942 521.899
obtained by evaluating the classical integral of eq 5. These 1200 532,757 542.622 542587
results are respectively indicated by RR: and I.R®". For low 1300 553.111 562.321  562.294
temperatures, the quantum mechanical approach is recom- 1488 5;2-5612 583-(1)08 58;-822
mended, but for high temperatures, both values are converging. c 1298 15 59(13'297 597 '8;15 599 69 989

hen treating internal rotations, we notice a systematic increase © ' ’ . | .
When 9 : » WE Y : 300 91.15 98.29  100.09 9895
of the two thermodynamic quantities at low temperature with 400 117.41 122.09 123.19 124977
regard to the theoretical predictions within the harmonic 500 142.81 144.80 145.53 148%66
oscillator (H.0.) model, while at higher temperatures the heat 600 165.30 16487  165.38 16928
capacity is lower than the one predicted by the H.O. model. In 700 184.79 182.36 182.72 187202
Figure 6, the entropy at room temperature and at 1000 K is 800 201.69 197.65 197.51 202:38

g : Py P 900 21639  211.06 21125  215%73
plotted throughout the whole range of th@lkanes under study. 1000 229.18 222.82 222 97 227436
The overall agreement with experiment is remarkable. The H.O. 1100 240.32 233.12 233.24 237448
predictions for the entropy systematically underestimate the 1200 250.02 242.14 242.23 246327
experimental values. The discrepancies increase with the length ﬁgg ggg-gj ggg-g% ggg-ég 328-3538
of the alkyl chain. The corrections predicted by the I.R. model 1500 27228 26297 263.02 266940

bring the theoretical predictions very close to the experimental
values. The corrections are larger for the longedkanes, in | ° Entropy in units of (J/K)/mol; heat capacity in Uc”its of (J/K)/mol.
this way compensating the larger discrepancies noticed in the EXPerimental entropy value obtained from ref “&xperimental

. . entropy values obtained from ref 9Experimental heat capacity values
H.O. results. The observation that the corrections due to the j, i 'c 4 from ref 6.
inclusion of internal rotations are systematically increasing with
the length of the chain is not surprising, but the fact that the to predict reliable microscopic properties in molecules that
magnitude of these correction terms almost coincides with the contain a large number of internal rotations. The H.O. ap-
deviation of the H.O. results from the experiment is spectacular proximation also fails in reproducing a correct temperature
and gives a clear indication of the inadequacy of the H.O. model dependence of the heat capacity. At low temperatures, the H.O.
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TABLE 5: Entropy and Heat Capacity of Pentane? TABLE 7: Entropy and Heat Capacity of Heptane?
temp (K) H.O. I.ROM: I.R.C exptl temp (K) H.O. |.RQM I.R.C exptl
S 298.15 332.899  350.830  349.840  349.450 S 298.15 397.030  430.597  429.578 427980
300 333.587 351.592  350.613  349.699 300 397.971  431.673  430.667  428.944
400 370.142  390.978  390.429 400 448.107  486.936  486.372
500 405.810  427.881  427.544  426.266 500 497.206  538.287  537.941  534.590
600 440.411  462.800  462.579 600 544.8906  586.669  586.442
700 473.676  495.851  495.701  495.469 700 590.750 632.341  632.186  629.901
800 505.485  527.144  527.036 800 634581  675.498  675.387
900 535.826  556.797  556.718 900 676.366  716.329  716.246
1000 564.738  584.928 584.868  586.137 1000 716.159  755.013  754.950  754.333
1100 592.285 611.647 611.600 1100 754.048 791.712 791.662
1200 618.538  637.054  637.017 1200 790.136  826.574  826.535
1300 643.571  661.240 661.210 1300 824.528  859.735  859.703
1400 667.460 684.293  684.268 1400 857.333  891.319  891.292
1500 690.277  706.290  706.270 1500 888.653  921.438  921.415
Co 298.15 110.99 122.96 124.87 120°00 Co 298.15 151.74 173.68 175.65 165120
300 111.57 123.46 125.35 120%2 300 152.56 174.34 176.29 16598
400 144.37 151.93 153.08 152955 400 198.49 212.07 213.26 210%6
500 175.96 179.42 180.18 182959 500 242.43 249.03 249.81 252909
600 203.79 203.81 204.34 208978 600 280.93 281.97 282.51 28794
700 227.82 225.07 225.45 231438 700 313.99 310.68 311.07 31795
800 248.57 243.62 243.90 25092 800 342.43 335.70 335.98 34295
900 266.56 259.86 260.07 26694 900 366.98 357.56 357.77 363959
1000 282.19 274.08 274.24 281958 1000 388.25 376.66 376.82 381958
1100 295.76 286.51 286.64 293172 1100 406.68 393.33 393.46 3974906
1200 307.57 297.38 297.48 30490 1200 422.67 407.88 407.98 410945
1300 317.83 306.88 306.96 313980 1300 436.56 420.58 420.66 422958
1400 326.77 315.17 315.24 322417 1400 448.64 431.66 431.73 435914
1500 334.58 322.43 322.49 330954 1500 459.17 441.35 441.40 443950
a Entropy in units of (J/K)/mol; heat capacity in units of (J/K)/mol. a Entropy in units of (J/K)/mol; heat capacity in units of (J/K)/mol.
b Experimental entropy value obtained from ref ¢&xperimental b Experimental entropy value obtained from ref c&xperimental
entropy values obtained from ref 9Experimental heat capacity values  entropy values obtained from ref 9Experimental heat capacity values
obtained from ref 6. obtained from ref 6.
TABLE 6: Entropy and Heat Capacity of Hexane? TABLE 8: Entropy and Heat Capacity of Octane?
temp (K) H.O. I.ROM I.R.C exptl temp (K) H.O. |.RM- I.R.C exptl
S 298.15 365.034  390.995 389.986  388.820 S 298.15  429.071 470.444 469.427 467060
300 365.849  391.915 390.918  389.321 300 430.139 471.675 470.670
400 409.206  439.244  438.685 400 487.060 534.771 534.209
500 451.601  483.376  483.033  480.407 500 542.871 593.284 592.938
600 492,756  525.030 524.806 600 597.104 648.358 648.132
700 532.322 564.396 564.242  562.664 700 649.252 700.317 700.162
800 570.146  601.624  601.514 800 699.094 749.391 749.279
900 606.212  636.868  636.786 900 746.602 795.801 795.718
1000 640.567 670.276  670.214  670.235 1000 791.835 839.755 839.691
1100 673.287 701986  701.938 1100 834.896 881.440 881.390
1200 704.458  732.121  732.083 1200 875.902 921.028 920.988
1300 734.172  760.795  760.764 1300 914.975 958.675 958.641
1400 762519  788.113  788.088 1400 952.239 994.522 994.494
1500 789.587  814.172  814.150 1500 987.811  1028.702  1028.677
Co 298.15 131.40 148.34 150.29 14260 Co 298.15 172.10 198.66 200.62 18780
300 132.10 148.92 150.85 14396 300 173.03 199.40 201.34 188¢70
400 171.48 182.02 183.19 18194 400 225.52 241.82 243.00 23974
500 209.25 214.25 215.02 217928 500 275.65 283.58 284.37 28681
600 242.41 242.92 243.45 248911 600 319.50 320.87 321.40 32677
700 270.94 267.90 268.28 274905 700 357.08 353.35 353.74 36024
800 295.53 289.68 289.96 296923 800 389.36 381.65 381.93 388¢28
900 316.80 308.72 308.93 31596 900 417.20 406.34 406.55 411¢71
1000 335.23 325.38 325.54 331437 1000 441.28 427.90 428.06 431¢37
1100 351.23 339.93 340.06 345918 1100 462.14 446.71 446.83 44852
1200 365.13 352.64 352.74 357431 1200 480.23 463.11 463.21 46317
1300 377.20 363.73 363.81 368919 1300 495.93 477.42 477.49 476598
1400 387.71 373.42 373.48 376956 1400 509.58 489.90 489.96 48953
1500 396.87 381.89 381.95 389911 1500 521.47 500.80 500.85 497°90
a Entropy in units of (J/K)/mol; heat capacity in units of (J/K)/mol. a Entropy in units of (J/K)/mol; heat capacity in units of (J/K)/mol.
b Experimental entropy value obtained from ref ¢@Experimental b Experimental entropy value obtained from ref&xperimental heat

entropy values obtained from ref 9Experimental heat capacity values  capacity values obtained from ref 6.
obtained from ref 6. ) ) )
behavior of the heat capacity as a function of the length of the

predictions underestimate the experimental values, while at highchain also strongly depends on the temperature (Figure 7). Large
temperatures, we notice an overestimation of the heat capacity discrepancies are noticed at low temperature. The corrections
which is systematically increasing with the chain length. The due to I.R. overshoot the experimental values. This is probably
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TABLE 9: Entropy and Heat Capacity of Nonane?

temp (K) H.O. |.RQM I.R.C exptl
S 298.15 460.872 510.426 509.409 506500
300 462.065 511.815 510.810
400 525.767 582.871 582.308
500 588.282 648.621 648.274
600 649.052 710.435 710.208
700 707.488 768.712 768.556
800 763.337 823.725 823.612
900 816.563 875.729 875.645
1000 867.234 924.964 924.899
1100 915.465 971.645 971.593
1200 961.387 1015.966 1015.923
1300 1005.140 1058.104 1058.068
1400 1046.861 1098.220  1098.190
1500 1086.685 1136.464  1136.437
Co 298.15 192.44 224.10 226.07 21040
300 193.50 224.92 226.86 21142
400 252.53 271.95 273.14 26882
500 308.84 318.44 319.22 321%4
600 358.02 359.99 360.53 366°10
700 400.13 396.21 396.59 40334
800 436.26 427.74 428.02 43388
900 467.39 455.24 455.45 45982
1000 494.30 479.24 479.40 481°58
1100 517.59 500.17 500.29 499299
1200 537.77 518.41 518.51 516231
1300 555.29 534.32 534.39 531237
1400 570.51 548.19 548.25 543292
1500 583.77 560.31 560.36 55647

a Entropy in units of (J/K)/mol; heat capacity in units of (J/K)/mol.

b Experimental values obtained from ref 6.

TABLE 10: Entropy and Heat Capacity of Decane

temp (K) H.O. I.RQM I.RC exptl
S 298.15 492.902 550.087 549.077 545/800

300 494,222 551.633 550.634 546.096
400 564.710 630.615 630.055
500 633.938 703.574 703.229 695.881
600 701.250 772.107 771.881
700 765.980 836.686 836.529 829.771
800 827.841 897.623 897.509
900 886.790 955.210 955.124

1000 942902 1009.717 1009.650 1004871

1100 996.304 1061.384 1061.330

1200 1047.145 1110.430 1110.385

1300 1095.578 1157.052 1157.014

1400 1141.758 1201.432 1201.398

1500 1185.834 1243.735 1243.705

Cp 298.15 212.80 249.44 251.40 233110

300 213.97 250.34 252.27 23498
400 279.58 301.97 303.14 297998
500 342.07 353.17 353.95 35693
600 396.59 399.00 399.53 405985
700 443.22 438.95 439.33 446943
800 483.19 473.72 474.00 479990
900 517.61 504.04 504.25 508936

1000 547.34 530.49 530.64 531479

1100 573.06 553.54 553.66 551487

1200 595.33 573.63 573.73 569944

1300 614.66 591.14 591.21 585976

1400 631.45 606.41 606.47 598431

1500 646.07 619.74 619.79 610986

a Entropy in units of (J/K)/mol; heat capacity in units of (J/K)/mol.
b Experimental entropy value obtained from ref ¢@Experimental
entropy values obtained from ref 9Experimental heat capacity values
obtained from ref 6.
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Figure 6. Entropy at 298.15 K and at 1000 K as a function of the
chain length.
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Figure 7. Heat capacity at 298.15 K and at 1000 K as a function of
the chain length.
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TABLE 11: Standard Deviations (%) of the Entropy (S)

H.O. .RQM I.R.C
ethane 0.80 0.57 0.60
propane 0.90 0.42 0.42
butane 3.08 0.33 0.27
pentane 4.46 0.36 0.21
hexane 5.63 0.50 0.36
heptane 6.60 0.53 0.41
octane 8.17 0.69 0.47
nonane 9.01 0.78 0.57
decane 8.48 0.89 0.80

the reproduction of the entropy at various temperatures for the
n-alkanes, we report in Table 11 the relative standard deviation

defined by
h _ cexp\2]|1/2
. [%Z(S o ) ] ©

with N the number of data points. In the H.O. model, the

standard deviation amounts to almost 10% for the higher
alkanes, while in the I.R. approach, it remains constant and is
less than 1%.

Conclusion

In this work, a model is presented to treat internal rotations
in a very appropriate way. Although described in an uncoupled
scheme, it has proved to be very efficient in evaluating
corrections to the H.O. predictions on entropy and heat capacity

due to the use of the uncoupled scheme. In ref 1, it is already in n-alkanes. The reproduction of the entropies is even that
observed that a more rigorous coupled scheme may reduce thesatisfactory that one would hardly expect better agreement when

overall effect of treating internal rotations. A numerical verifica-

enhancing the level of the model. Subsequent internal rotations

tion of this assumption is in progress. To get an overall abouta very long chain of single bonds require a more profound
impression about the quantitative level of agreement regardinginvestigation of the coupling effects. This work is in progress.
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