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Free energies, enthalpies of formation, enthalpies of combustion, and entropy of n-alkanes have been determined
using quantum-chemical computations. After determination of the scaling factor between experimental results vs
ab-initio computations, we are able to give various values corresponding to these thermodynamic properties up
to n-Cy10Ha22. The same procedure is applied concerning data of diamagnetism of n-alkanes up to n-C3oHgg.

1. Introduction

The thermodynamic properties of the hydrocarbons are considered
first, as they are the grounds on which the properties of other organic
compounds can be correlated. In a generic sense, the hydrocarbons are
the root compounds from which all other organic compounds are
derived. Indeed, thermodynamical data have been collected for decades
on many occasions [1]. However, this work is very fastidious and
tedious, and is strongly disregarded nowadays although experimental
chemists still have an interest in obtaining such data. Hence, due to the
high quality of calculations, most of thermodynamical data are acces-
sible for light molecules by computational chemistry with a high accu-
racy [2].

Previously, we have observed a perfect linear relationship between
ab-initio computations of absolute enthalpies and experimental data of
heats of combustion (n (number of carbon atoms) = 1-20) [3]. Conse-
quently, we have proposed linear relationships to improve the calcu-
lated combustion enthalpies up to CgoHj 2. In this contribution, we have
calculated the heat of combustion, the enthalpy of formation, the en-
tropy and the absolute free energies of n-alkanes up to Cy10Ha2o (in the
most elongated conformation). We discussed the variations of values for
the increment AG, = Gp/n - Gir.1y/(n — 1) and discussed the difference of
data (including bond energies and diamagnetism) between a methyl or a
methylene group.

In summary, from ab-initio computations at different levels of the-
ory, our empirical approach is developed in 4 steps:
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1° check the linearity of experimental results vs number of carbon
atoms (n = 1-20).

2° check the linearity of ab-initio computations vs number of carbon
atoms (n = 1-110).

3° develop a linear relationship between experimental results vs ab-
initio computations in order to determine the scaling factor.

4° apply scaling factors for an extrapolation from ab-initio compu-
tations up to n-CjyjoHo2.2.

2. Methods

All computations were performed with the Gaussian 16, revision
A.03, suites of program [4]. The gas-phase geometries of all n-alkanes
were optimized for the most elongated conformation by calculations
using the density functional theory method B3LYP [5] with the 6-
311++G(d,p) basis set and then refined with the 6-311++G(3df,3pd)
basis set or, generally, with the TPSS-TPSS/6.311++G(d,p) basis set [6]
level of theory.

A vibrational analysis was performed at the same level of theory in
order to determine the zero-point vibrational energy (ZPE), the free
energy (not scaled) and to characterize each stationary point as a min-
imum (number of imaging frequencies, N(Imag) = 0). The total energies,
E, were evaluated at O K and the free energies, G, at 298.15 K. Calcu-
lations were performed in ideal gas. These results are listed in the
Electronic Supporting Information.
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3. Enthalpy of combustion AH,(exp) of n-Alkanes

Experimental values for enthalpy of combustion AH.%,(exp) have
been determined for n = 1 to 20 [1,7]. AHcon(exp) represents the heat
evolved in the combustion of the selected hydrocarbon in gaseous ox-
ygen to form gaseous carbon dioxide and liquid water, at 25° C and
constant pressure of 1 atm. A perfect linear relationship (1) is observed
between AHcon(exp) and the number of carbon atoms n (ESI Fig. 1).

AH (exp) = An+ B = —157.472n — 57.51 (kcal mol™', n=1-20, R
= 1)
(€9)
A power law relationship (2) (ESI Fig. 2) is observed concerning the
increment SAHcon(eXp) = AHCOH /n— AHC?H _1y/(n — 1) which describes
the systematic decreasing of enthalpy of combustion with respect to the
extension of the chain length [8].

SAHY, (exp) = A, [n— AL, [(n=1)
=106.32 / n?? kecal mol™', n=1-20, R =0.99947) (2)

Two procedures can be developed to access to the enthalpy of
combustion:

3a. Quantum computations of absolute enthalpy of n-alkanes
AHp(comp) and establishing a linear relationship with experimental
data (n = 1-20).

3b. Quantum computations of enthalpy of the combustion reaction
(3) and establishing a linear relationship with experimental data (n
=1-20) [9].

n — C,Hyuyz + (1.5 4 0.5)0,—»nCO; + (n + 1)H,0 + AH 3)

3a. Quantum computations of absolute enthalpy of n-alkanes
AHp(comp) up to n-Cy19Ha20.

A perfect linear relationship (4) between AH,(comp) and the number
n of carbon atoms in the molecule is observed at the TPSS-TPSS/6-
311++G(d,p) level of theory in ideal gas. (ESI Fig. 3).

AH,(comp) = —24661.40n — 744.52 (kcal mol’l,n =1-110,R=1)
@
As expected, a perfect linear relationship (5) (ESI Figure 4) was ob-
tained between AH,(comp) at the TPSS-TPSS/6-311++G(d,p) level of
theory in ideal gas and experimental data of enthalpy of combustion
AH? (exp) [7] (methane ruled out).

AH?, (exp) ~ AH,(caled)
= 0.0063838AH, (comp) — 53.30 (kcal mol™', n=2-20, R

=1)
(5)

From the relationship (5) an extrapolation up to n-Cy19Haz2, gives
rise to AHcOn(calcd) (6) (Table 2, ESI Fig. 5 and ESI Table 1).

AH’ (exp) ~ AH° (caled) = An+ B = —157.43n — 58.05 (kcal mol ', n

=1-110,R=1)
(6)

For the relation (6), the incremental value per CHy (157.43 kcal
mol 1) is very similar to that proposed earlier by Prosen and Rossini
(157.443 kcal mol’l) [7]. The value of B is in accordance with the dif-
ference between experimental values of heat of combustion of cyclo-
hexane [10] (the 6-membered ring is nearly strainless) [11] (AHC0 =
936.88 kcal mol~!; 936.88/6 = 156.15 kcal mol 1) and n-hexane [7]
(AHC0 = 995.01 kcal mol’l): €>AHC0 — 58.13 kcal mol L.
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Table 1
Calculated values of diamagnetic susceptibility y,,, of n-alkanes according to
relation (29).

n Alkanes C—C C—H Ym/107® Exp. Caled

x = ¥ = cm® Am/107°  yx /1070

-2.90.10°° -4.25.10°° mol ! em?® em?®

em® mol ! em® mol ! mol ! mol !

[20]

1 CH4 - -17.0 -17.0 -17.4 -16.17
2 CzHe -2.90 -25.5 -28.4 -26.8 -27.66
3 CsHg -5.80 -34.0 -39.8 -38.6 -39.14
4 C4Hio -8.7 -42.5 -51.2 -50.3 -50.63
5 CsHiz -11.6 -51.0 -62.6 -61.5 -62.11
6 CeH14 -14.5 -59.5 -74.0 -74.1 -73.59
7 C7Hi6 -17.4 -68.0 -85.4 -85.2 -85.08
8 CgHig -20.3 -76.52 -96.8 -96.6 -96.56
9 CoHao -23.2 -85.0 -108.2 -108.1 -108.05
10 CioHyy  —26.1 -93.5 -119.6 -119.5 -119.53
11  CyHyy -29.0 -102.0 -131.0 -131.8 -131.01
12 CyoHoe -31.9 -110.5 -142.4 - -142.50
13 Cy3Has -34.8 -119.0 -153.8 -153.7 -153.98
14 Ci14H30 -37.7 -127.5 -165.2 -166.2 -165.47
15  CysHsz -40.6 -136.0 -176.6 - -176.95
16  CyeHss -43.5 -144.5 -188.0 -187.6 -188.43
17  CyHzs  -46.4 -153.0 -199.4 - -199.92
18  CigHsg -49.3 -161.5 -210.8 - -211.40
19 Ci9Hao -52.2 -170.0 -222.2 - —222.89
20 CyoHsy  -55.1 -178.5 -233.6 - -234.37
21 Ca1Hag -58.0 -187.0 —-245.0 - —245.85
22 CaoHyue -60.9 -195.5 -256.4 - -257.34
23 CasgHyg -63.8 -204.0 -267.8 - —268.82
24 Ca4Hso -66.7 -212.5 -279.2 - -280.31
25  CasHsz -69.6 -221.0 -290.6 - -291.79
26  CoeHss -72.5 -229.5 -302.0 - -303.27
27 Co7Hs6 -75.4 -238.0 -313.4 - -314.76
28  CagHsg -78.3 -246.5 -324.8 - -326.24
29  CyoHeo -81.2 -255.0 -336.2 - -337.73
30  CsoHe2 -84.1 -263.5 -347.6 - -349.21

The linear relationship (7) (ESI Figure 6) obtained between
AHy(comp) and experimental data of enthalpy of combustion
AHcon(exp) [7] including methane (n = 1-20) (at the TPSS-TPSS/6-
311++G(d,p) level of theory in ideal gas) led to values with a larger
discrepancy for the difference AHcon(exp) — AH,(calcd) (mean value for
the difference according to the relation 5: +0.138, to the relation 7:

+0.313 keal mol 1) (ESI Table 2).

AH° (exp) ~ AH,(calcd) = 0.006385AH, (comp) — 52.76 (kcal mol™',n
=1-20,R=1)
@)
Computations of the absolute enthalpy with a larger basis set at the
B3LYP/6-311G++(3df,3pd) level of theory provided results (relation-
ships 8 and 9) with a similar accuracy for the linear relationship and, in

this case also, methane should be ruled out (ESI Figures 7, 8 and ESI
Table 3).

AH® (exp) ~ AH,(calcd) = 0.006384AH, (comp) — 53.29 (kcal mol ™', n
=2-20,R=1)
®

AH (exp) ~ AH,(calcd) = 0.006386AH, (comp) — 52.76 (kcal mol ' )(n
=1-20,R=1)
€)]
Mean value for the difference AHcon(exp) — AHjp(calcd) according to
the relation 8: £0.1, to the relation 9: 0.2 kcal mol™Y) (ESI Table 2).
3b. Calculated enthalpy of combustion of linear alkanes AH,(calcd)

at the TPSS-TPSS/6-311++G(d,p) level of theory in ideal gas according
to the combustion reaction (3).
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Table 2 Table 2 (continued)
The .Chemice.il Thermodynamics of n-Alkanes. Summary statement (in paren- n - Enthalpy of Enthalpy of Entropy of  Free
thesis, EXperlmental data). Alkanes combustion [7] formation [1] n-alkanes energy of
n n- Enthalpy of Enthalpy of Entropy of  Free AH., AHP, [1] n-alkanes
Alkanes combustion [7] formation [1] n-alkanes energy of (keal mol ™) (keal mol ™) $% [1]
AHS, AHP, 111 n-alkanes (calmol ' AG/,
(kcal mol™ 1) (kcal mol ™) So,l [1] Relation 5 Relation 13 K’l) (kcal
(calmol™  AGP, (298.15K)  mol™!)
Relation 5 Relation 13 Kh (kcal Relation
(298.15K) mol™ 1) 16 Relation
Relation 22
16 Relation 45 CusHop — -7142.56 -232.28 455.22 77.84
22 46 CuHos  -7299.99 -237.21 464.32 79.85
1 CH, _215.49 _15.26 39.27 _9.97 47 CyrHog -7 457.43 -242.14 473.66 81.84
(-212.798) (-17.89) (44.52) (-12.14) 48 CagHog -7 614.86 -247.07 482.77 83.84
2 C,Hg _372.92 -20.19 55.44 _7.97 49 CaoH100 -7772.29 -252.01 492.30 85.84
(-372.82) (-20.24) (54.85) (-7.87) 50 CsoHio2 -7 929.73 -256.94 501.29 87.82
3 C3Hg -530.35 -25.12 64.66 _5.97 51 Cs1Hi04 -8 087.16 -261.87 510.81 89.82
(=530.60) (-24.82) (64.51) (-5.61) 52 Cs2Hi06 -8 244.59 -266.80 520.09 91.81
4 C4Hio _687.79 -30.05 74.02 _3.98 53 Cs3Hjos -8402.03 -271.74 529.25 93.81
(-687.98) (-30.15) (74.12) (-4.10) 54 Cs4Hi1o -8 559.46 -276.67 538.48 95.80
5 CsHip _845.22 _34.99 83.34 -1.98 55 CssHiyiz -8716.89 -281.60 547.74 97.80
(-845.16) (~35.00) (83.40) (=2.00) 56 CseHi14 -8874.33 -286.53 556.92 99.79
6 CeHis —~1002.65 -39.92 92.67 -0.016 57 Cs7H116 -9031.76 -291.47 566.24 101.79
(-1 002.57) (~39.96) (92.83) (-0.07) 58 CsgHi1g -9189.19 -296.40 575.60 103.78
7 C,Hig ~1160.09 _44.85 102.04 2.02 59 CsoHi20 -9 346.63 -301.33 584.76 105.78
(-1 160.01) (~44.88) (102.27) (1.94) 60 CeoH122 -9 504.06 -306.26 594.02 107.77
8 CgHyg -1317.52 -49.78 111.34 4.02 61 CerHiz4g  -9661.49 -311.19 603.14 109.77
(-1 317.45) (~49.82) (111.55) (3.92) 62 Ce2Hi26 -9818.93 -316.13 612.42 111.77
9 CoHao _1474.95 _54.72 120.70 6.01 63 Co3Hi2s -9976.36 -321.06 621.62 113.76
(-1 474.90) (-54.74) (120.86) (5.93) 64 Ce4Hi30 -10133.79 -325.99 631.00 115.76
10 CyoHaz ~1632.38 -59.65 129.98 8.00 65 CesHisz -10291.23 -330.92 640.14 117.75
(-1 632.34) (-59.67) (130.17) (7.94) 66 CocHi34 —-10 448.66 -335.85 649.37 119.75
11 Ci11Hos ~1789.82 _64.58 139.46 10.00 67 Ce7H136 -10606.09 -340.79 658.53 121.74
(-1 789.78) (~64.60) (139.48) (9.94) 68 CegHisg -10763.53 -345.72 667.85 123.74
12 Ci2Hag _1947.25 -69.51 148.80 12.00 69 CeoHi140 -10920.96 -350.65 677.14 125.73
(-1 947.23) (-69.52) (148.78) (11.96) 70 CyoHi42 -11 078.39 -355.58 686.49 127.73
13 Ci3Hag —2104.68 _74.44 158.14 13.97 71 C71H144 -11 235.83 -360.52 695.63 129.72
(=2104.67) (~74.45) (158.09) (13.97) 72 Cy72Hi46 -11 393.26 -365.45 704.99 131.72
14 C14Hso _2262.12 _79.38 167.40 15.97 73 C73Hi4s -11 550.70 -370.38 714.02 133.71
(-2 262.11) (~79.38) (167.40) (15.97) 74 C74H150 -11708.13 -375.31 723.36 135.71
15 Cy5Hss _2419.55 _84.31 176.74 17.98 75 C7sHis2 -11 865.56 -380.25 732.50 137.70
(-2 419.55) (-84.31) (176.71) (17.98) 76 Cr6H1s4 -12 023.00 -385.18 741.90 139.70
16 Ci6Hss _2576.99 -89.24 186.02 19.98 77 C77H156 -12180.43 -390.11 750.97 141.70
(-2 577.00) (-89.23) (186.02) (20.00) 78 CygHjsg -12 337.86 -395.04 760.39 143.69
17 Ci7Hse _2734.42 _94.17 195.43 21.98 79 C79H160 -12495.30 -399.98 769.34 145.69
(=2 734.44) (-94.15) (195.33) (22.01) 80 CgoHj62 -12652.73 -404.91 778.85 147.68
18 CygHsg -2891.86 -99.11 204.63 23.97 81 Cg1Hi64 -12810.16 -409.84 787.84 149.68
(-2 891.88) (-99.08) (204.64) (24.02) 82 CgoHieo -12967.60 -414.77 796.83 151.67
19 CioHag -3049.29 -104.04 214.09 25.97 83 CgsHjes -13125.03 -419.70 806.43 153.67
(-3 049.33) (~104.00) (213.95) (26.03) 84 Cg4Hi70 -13 282.46 -424.64 815.47 155.66
20  CyoHyp -3206.72 -108.97 223.34 27.96 85 Cgstizz  —13439.90 -429.60 824.14 157.66
(=3 206.77) (~108.93) (223.26) (28.04) 86 CgeHi74 -13597.33 -434.50 832.53 159.65
21 Co1Has -3364.16 ~113.90 232.64 29.96 87 Cs7H176 -13754.76 -439.43 843.26 161.65
22 CaoHye -3521.59 -118.84 241.95 31.96 88 CggHizg ~ -13912.20 -444.37 852.10 163.64
23 CosHag -3679.02 _123.77 251.18 33.95 89 CsoHigo -14 069.63 -449.30 861.61 165.64
24 Co4Hso _3836.46 _128.70 260.62 35.95 90 CooH1s2 -14 227.06 -454.23 870.49 167.63
25 CasHsg -3993.89 -133.63 269.83 37.94 91 CorHigs  -14384.50 -459.16 877.33 169.63
26 CoeHss _4151.32 -138.56 279.10 39.94 92 CooHig6 —14 541.93 -464.10 889.65 171.63
27 Co7Hse _4308.76 -143.50 288.35 41.93 93 CosHjgg -14699.36 -469.03 898.57 173.62
28 CasHss _4 466.19 -148.43 297.67 43.93 94 CosHi90 —-14 856.80 -473.96 908.06 175.62
29 CyoHep -4623.62 -153.36 307.05 45.92 95 CosHioa ~ -15014.23 -478.89 916.09 177.61
30 CsoHez _4781.06 -158.29 316.39 47.92 96 CosHio4 -15171.66 -483.82 925.83 179.61
31 Ca1Hea _4938.49 -163.23 325.51 49.91 97 Co7H106 -15329.10 -488.76 934.84 181.60
32 CsoHes -5095.92 -168.16 334.97 51.91 98  Cogtios  —15486.53 -493.69 945.21 183.60
33 Cs3Hes _5253.36 ~173.09 343.25 53.91 99 CooHaoo -15643.97 -498.62 951.52 185.59
34 Ca4H7o _5410.79 ~178.02 353.48 55.90 100 Ci00H202 -15801.40 -503.55 956.86 187.59
35 CssHyo -5568.22 -182.96 361.72 57.90 101 C101H204 -15958.83 -508.49 970.58 189.58
36 CseHys _5725.66 -187.89 372.01 59.89 102 C102H206 -16 116.27 -513.42 978.74 191.60
37 Cs7Hye _5883.09 -192.82 381.05 61.89 103 Ci03Hz208 -16 273.70 -518.35 989.35 193.57
38 CagHyg 6 040.52 ~197.75 390.56 63.88 104 Ci04Hz210 -16 431.13 -523.28 997.70 195.57
39 CsoHgg ~-6197.96 _202.68 399.74 65.88 105 CiosH212 -16 588.57 -528.21 1009.09 197.57
40 CaoHgo _6 355.39 -207.62 408.98 67.88 106  CioeH214 -16 746.00 -533.15 1018.42 199.56
41 C41Hgs -6512.82 _212.55 418.17 69.87 107 Ci07H216 -16903.43 -538.08 1025.35 201.58
42 C4oHge -6 670.26 _217.48 427.45 71.87 108  CjosHo2is -17 060.87 -543.01 1034.66 203.57
43 C43Hgs -6 827.69 -222.41 436.71 73.86 109 C109H220 -17 218.30 -547.94 1040.85 205.55
44 CaaHoo _6985.12 _227.35 445.94 75.86 110 CyjoH222  -17 375.73 -552.88 1058.07 207.54




G. Audran et al.

A perfect linear relationship (10) is observed between AH °,(comb)
and AH:n(exp) at the TPSS-TPSS/6-311++G(d,p) level of theory in
ideal gas (methane ruled out) (ESI Figure 9, and ESI Table 4). Mean
value for the difference AH°,(exp) — AHp(calcd) according to the rela-
tion 10: £0.06 kecal mol ™.

AHC (exp) ~ AH,(caled) = 1.181195AH°, (comb) — 17.13 (kcal mol™")(n
=2-20,R=1)
10)

In the ESI Table 5, we compare the enthalpy of combustion of n-al-
kanes AHj(calcd) at the TPSS-TPSS/6-311++G(d,p) level of theory in
ideal gas according to the combustion reaction (3) (relationship (10))
and results of the relation (5) and we were pleased to find identical
results according to the used method.

As previously mentioned [3], the enthalpy of combustion of hydro-
carbon unit AH.°, /n decreases according to the chain length of n-al-
kanes (ESI Table 6, ESI Figure 10). The decrease of stability
(8AH°,(caled)/n = 54.84 kcal mol_l, n=1-110, Eq. (11)) is due to the
lower C—C bond energies in comparison with the C—H bond (See sec-
tion 7). For the heat of combustion of 1 g of n-alkane, the difference
reaches ~ 2 kcal mol™! from methane to CssHy,. Heat generated in
combustion reactions, when converted into a vectored force, provides
the dynamics for thermodynamics [12].

AH’(Cy10Ha)/110 — AH?(CHy) = 54.84 kcal mol ™ (@8]
4. Enthalpy of formation of n-alkanes

A perfect linear relationship (12) between experimental data for the
enthalpy of formation AHf*,(exp) [1] and the number of carbon atoms n
is observed (methane ruled out)(ESI Fig. 11 and ESI Table 7).

AHzn(exp) = —4.9317n — 10.326 (kcal mol™',n =2 —20,R = 1) 12)

Similarly, the perfect linear relationship (13) is observed between
AH,(comp) and experimental data of heats of formation AHf ,(exp) for
n = 2-20 (methane ruled out) at the TPSS-TPSS/6-311++G(d,p) level of
theory in ideal gas (ESI Figure 12).

AH], (exp) ~ AHY, (caled) = 0.00020AH, (comp) — 10.177 (kcal mol™',n
=2-20,R=1)
(13)
Mean value for the difference AH.°;(exp) — AHp(calcd) according to
the relation 13: +0.04 kcal mol~! (ESI Table 7, and ESI Fig. 13). From

the relationship (12), an extrapolation up to n-CyjoHag2, gives rise to
AHfy(caled) (Table 2, Eq. (14), ESI Table 7, and ESI Fig. 13) [13].

AH’

0 (caled) = —4.93228n — 10.33 (keal mol ',n=1—110,R = 1)

a4
5. Entropy of n-alkanes

Again, a perfect linear relationship (15) between experimental data
for the entropy S°y(exp) [1] and the number of carbon atoms n is
observed (ESI Fig. 14 and ESI Table 8) at the TPSS-TPSS/6-311++G(d,p)
level of theory in ideal gas.

S5°(exp) = 9.3563n+36.4 (cal mol ™' K~',298.15 K, n=1-20, R=1)
(15)

As reported for enthalpies (vide supra), a perfect linear relationship
(16) (ESI Figure 15) is observed between S°,(comp) and experimental
data [1] of entropy S°,(exp) for n = 2-20 (methane ruled out) at the
TPSS-TPSS/6-311++G(d,p) level of theory in ideal gas (ESI Table 8)
followed by an extrapolation for n = 21 to 110 (Table 2).
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S°(exp) ~ AH,(calcd)
= 1.19238658°(comp) — 13.77 (cal mol™' K~',298.15 K, n
=2-20,R=1) 16)
In the ESI Table 9, the comparison between S°n(exp) [1] and
S°n(caled) according to the relationship (16) shows a very weak differ-
ence (40.12 cal mol™® K’l, (>0.2%, except methane).
ESI Figure 16 confirms the linear relationship (17) between calcu-
lated entropy on n-alkanes S°p(calcd) and the number n of carbon atoms

in the molecule of n-alkanes at the TPSS-TPSS/6-311++G(d,p) level of
theory in ideal gas.

5°(caled) = 7.755358n +43.72 (cal mol™' K~',298.15 K,n=1— 110,R
=1)
a7)
Computations (ESI Table 10) of the entropy S°,;(comp) with a larger
basis set at the B3LYP/6-311G++(3df,3pd) level of theory afforded
values of S°(calc) with a comparable accuracy from the linear relation-

ship (18) (ESI Fig. 17 and ESI Table 11) but, in this case also, methane
should be ruled out.

8°(exp) = 1.261918, (comp) — 18.55 (cal mol™" K~', 298.15 K, n
—2-20,R=1) (18)

6. Free energy of n-alkanes

Plot (19) between experimental data G°,(exp) [1] and the number n
of carbon atoms showed a deviation from linearity for the methane (ESI
Figure 18).

G(exp) = 2.027n — 12.35 (kcal mol™',n = 1 — 20, R = 0.9992) (19)

Consequently, we have ruled out the value of the methane in the
linear relationship (20) between G(exp) and the number of carbon
atoms n (ESI Fig. 19).

G(exp) = 2.00n — 11.945 (kcal mol™', n=2-20, R=1) (20)

Then computations of G°,(comp) for n-alkanes at the TPSS-TPSS/6-
311++G(d,p) level of theory in ideal gas led to the linear relationship
(21) (ESI Fig. 20).

G°(comp) = An + B = —24663.72n — 757.55 (kcal mol™', n
=1-110, R=1) (21)

The value of A corresponds to the computed free energy per meth-
ylene group and the value of B results of the presence of the two C—H
bonds of the end methyl groups (computed free energy of cyclohexane:
AG® = 147 991.89 kcal mol™%; 147 991.89/6 = 24 665.31 kcal mol 1/
CHy; n-hexane: AG® = 148 739.55 kecal mol™; SAG® = 747.65 kcal
mol’l).

Then, a perfect linear relationship (22) is observed between
G°,(comp) and G°,(exp) (ESI Figure 21).

G°(exp) ~ G,(caled) = —0.00008095G°(comp) — 12.02 (kcal mol™', n
=2-20,R=1)
(22)

From the relationship (22), an extrapolation up to n-C;19Hz22, gives
rise to AG°p(caled) (Table 2, ESI Table 12 and ESI Figure 22, relation-
ships (23-25)).

Gu/n—Gury/(n—1) = —757.55/n(n— 1) keal mol ™' 23)

Gu[CaHens2) | /0= Ga[Cla-yHza | /(n — 1) = 1064.09/0>® kcal mol™'
24
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LogéG, = —2.0793 Log n+3.026 R = 0.99935 (25)

From the relation (21), we analyzed in the Table S-13, the difference
between the free energy of two consecutive units G, /n - G-y /(n — 1)
= -757.55/n(n — 1) keal mol™! (ESI Figures 23 and 24) [14].

7. Bond energies of n-alkanes

As previously mentioned [3], the enthalpy of combustion of hydro-
carbon unit AH.°, /n decreases according to the chain length of n-al-
kanes (ESI Table 6, ESI Figure 11). The decrease of stability
(8AH°,(caled)/n = 54.84 kcal mol’l, n = 1-110) is due to the lower
C—C bond energies in comparison with the C—H bond energies as dis-
played in Eq. (26) [15].

E Cc o= 87.0; E (CTH methane) = 105.0; E(C_H primary) = 100.7;
E(CiH secondary) = 99.0 kcal Il'lOl_l;

E, = (n— 1)Ec_c) + 6Ec—pprim) + (n — 2)Eac—psecond.)
= (n—1)87.0+6x100.7 + (n — 2)198.0 = 285.0n + 121.2 kcal mol™"
(26)

From the relation 26 (ESI Table 14 and ESI Fig. 25, 26 and 27), 285.0
corresponds to the contribution of one methylene group (87 + 2 x 99
keal mol 1) and 121.2 to the two hydrogen atoms brought by the end
methyl groups (bond energies E, for the cyclohexane: 1710.0, hexane:
1831.2 affording 8E = 121.2 keal mol ™).

8. Diamagnetic susceptibilities y of n-alkanes

The classical work of Pascal [16] has established that the isotropic
diamagnetic susceptibilities of molecules, y.,, (the ability of a substance
to be repelled by an external magnetic field (y < 0)) can be approxi-
mated by simple addition of atomic or bond susceptibilities (Pascal’s
constants) [17]. Since, it was found a correlation between C—H bond
contributions and the bond lengths,[18] and predicting values from
group contributions [19]. Diamagnetic susceptibilities y are tempera-
ture independent.

The susceptibility magnetic y, is measured by the ratio x of the in-
tensity of magnetization produced M in a substance to the magnetizing
force or intensity of field H to which it is subjected: M = xH (x is
dimensionless), then the molar susceptibility is defined by y,, = «V, (Vi
= molar volume). In cgs system, the customary unit for yp, is cm® mol .

A perfect linear relationship (28) is observed between the experi-
mental diamagnetism values [20] and the number n of carbon atoms in
the molecules of n-alkanes (ESI Table 15 and ESI Fig. 27).

Im = —11.48n—4.69 (107° cm® mol™', n=1—11,13,14,16,R = 1)
(28)

The regression equation 28 indicates that each CHy group contrib-
utes —11.48 to the diamagnetic susceptibility (yc_y = -4.25. 10’6, xcc=
—2.9.10% [1 6d,16e]. The constant —4.69 represents the contribution of
the two hydrogen atoms at the ends of the carbon chain. This value is not
too far off from the measured susceptibility of liquid hydrogen Hy of
-5.44 x 107® cm® mol 1.

From the relationship (28), an extrapolation up to n-CsoHga, gives
rise to ymn(caled) (relationship 29)(Table 1, ESI Table 15 and ESI
Figure 28).

Kmnlcaled) = —11.484n—4.69 (10 cm® mol™',n=1-30,R=1)
(29)

9. Conclusion

The realization that the molecular value of some property could be
obtained as a sum of group contributions arose not long after the
introduction of structural formulas into chemistry [7,21,22].

From experimental data or quantum-chemical calculations
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concerning n-alkanes, an astonishing linearity of results is observed.
Nevertheless, often methane should be ruled out and it appears as a
particular alkane. In contrast, magnetic properties are perfectly linear
with the number of carbon atoms.
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