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Supplementary Information

Table S1. Provenance, purity, and methods of purification of samples used in this work.

compound CAS suppliers initial purity final purity ¢
3-methyl-indole (cr) ~ 83-34-1 Thermo Fisher Scientific 0.99 0.9998
1,2-dimethyl-indole (cr) 875-79-6 Sigma-Aldrich 0.99 0.9997

aPurification was performed by fractional sublimation. Mass fraction impurity deter-
mined by the gas chromatography.

Table S2. Reference values for A¢Hp(298.15 K) used for thermochemical calculations at T =298.15 K
(p°=0.1 MPa, in kJ-mol™")

.structure CAS compound Formula A;H%(298.15K) Ref
CH3-CH»-CHs 74-98-6 propane GHs -104.7+0.5(g) [1]
CHs-NH-CHs  124-40-4 dimethylamine CH/N  -18.6+0.8 (g) [1]

CH3-NH-CH,-CH3 624-78-2 N-methyl-ethanamine = CHoN  -46.8 £2.0 (g) [2]
H,C=——CH, 74-85-1 ethene CH: 525204 (g) [1]
H
N
i\ /7 109-97-7 1-H-pyrole CiHsN 1083+ 0.4 (g) [1]
CH,
108-88-3 toluene CrHs 50.4+ 0.6 (g) [1]
612-17-9 1,4-dihydro-naphtalene  CioHio  138.4+1.6(g) [3]
NH
S /7 638-31-3 2-pyroline CHr 53.4+3.5 (lig) Fig. S1
X
| 496-11-7 indane CoHuo 11.5+1.6 (liq) [1]
=
X
| 95-13-6 indene CoHs  110.6£1.6 (liq) [1]
PV

496-10-6 trans-hexa-hydro-indane CoHis -176.2+1.8 (liq) [1]

142-29-0 cyclopentene CsHs 4.4+0.8 (liq) [1]
287-92-3 cyclopentane CsHio  -105.1+0.8 (liq)  [1]
71-43-2 benzene CeHs 49.0+0.6 (liq) [1]

OO+
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110-82-7 cyclohexane CsHiz  -156.4+0.8 (liq) [1]

NH
S ] 123-75-1 pyrrolidine GHoN  -41.0+0.8 (liq) [1]

Table S3. The enthalpies of homodesmotic reactions (see Fig. 5) involving 3-methyl-indole A.Hg (g)
at T=298.15K (p°=0.1 MPa, in kJ-mol)

.\, HS(g, 298.15 K) R-A R-B R-C
G4 92.0 -19.4 97.9
G3MP2 89.5 21.0 95.2
CBS-APNO 90.8 -19.2 97.0

Table S4. Thermodynamics of phase transitions of indole derivatives (in kJ-mol)>

Tws/K — ALHS at ALHG P AS.HS < APHY ¢

Compounds ASTHY, at Te To 298.15 K
1 2 3 4 5 6 7
3-methylindole  2.7+0.4 (316.8 K) 3680[4] 11.6:05 11.4+1.2 814506 70.0+1.3
(phase II) [4] e
S-methylindole 7.4 (3168 K) 195041 507 6955.0.6
(phase I) 8
14.850.1
2-methylindole - 332.0 [S4] [zjg
1,2-dimethylindole 330.7[5] 14.9+1.0i 13.3+1.1 83.2+0.7 69.9+1.3
2,3-dimethylindole 3802[6] 17.1+1.07 12.9+1.6 86.00.6 73.11.7%

a Uncertainties in this table are expressed as expanded uncertainties at a level of con-
fidence of 0.95, k=2).

b The experimental enthalpies of fusion AL HS measured at Tws were adjusted to
298.15 K with help of equation:

ALH (298.15 K)/(J-mol™) = AL Hg, (Trus/K) = (A%.Cp - AFCom )*[(Trs/K) — 298.15 K] and
heat capacity differences given in Table S3.

¢ From Table 4.

d Calculated as the difference of column 6 and 5 in this table.

¢ Sum of AYLHY and AL HS was adjusted from Trs to T = 298.15 K using equation
in footnote b.

f The phase transition enthalpy ASHS was adjusted from T to T = 298.15 K using
equation in footnote b.

¢ Calculated as follows: AS.HQ (crIl) = (79.320.5) + (1.9+0.4) = (81.2+0.7) kJ-mol" with
AE.HY, (crT) from Table 4.

i The Walden Constant [7] calculated for 2-methyl-indole according to equation: WC
= AL HQ | Trs =14.8/332.0 = 0.045 J-mol K.

i Calculate using the Walden Constant [7] calculated for 2-methyl-indole according
to equation: AL HS = WC x Trs = 0.045x330.7 = 14.9+1.0 kJ-mol" for 1,2-dimethyl-indole
and : AL HY = WC x Ttus = 0.045x380.2 = 17.1+1.0 kJ-mol! for 2,3-dimethyl-indole.

k For comparison AigHI‘I’1 = (75.2£1.0) from Table 2.

In 1908 Paul Walden found that the ratio according to Eq. 8 can be considered
as a constant (Walden’s Constant) [8]:
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WC = “Tfﬂ = ALS® =565 J-K1-mol! (S1)

From a practical point of view and based on our experience, Eq. S1 can be easily
adapted for calculations within a range of similarly shaped molecules. We have already
observed similarity of Walden s Constants for R-acetanilides with R = alkyl, F, Cl, Br, NO,
NH:, OH, OCHs [9] and for the for R-substituted benzamides [10]. We have found that for
these series the WC for each series deviates from the “classic” value 56.5 J-K-'-mol! by
about + 10 J-K“mol'. Such a “modified” Walden’s Constant helps not only in evaluating
the consistency of the experimental fusion data within a set of similarly structured com-
pounds (see Table 12), but also the Walden’s rule serves as a valuable tool for estimating
missing fusion enthalpies of interesting organic compounds, provided that their fusion
temperatures are available.

Table S5. Compilation of data on molar heat capacities Cg,(cr or liq) and heat ca-
pacity differences A% 2., (in]-K1'mol?) at T=298.15K

cr,l ~pm

Compounds Com(er) = —A5CS,P CS m(liq) @ —AFCS P
3-methyl-indole 175.5 27.1 224.6 69.1
1,2-dimethyl-indole 202.2 31.1 231.6 70.8
1,3-dimethyl-indole 202.2 31.1 231.6 70.8
2,3-dimethyl-indole 160.2 24.8 282.7 84.1
3-methyl-indoline 247 .4 74.8
1,2-dimethyl-indoline 258.5 77.8
1,3-dimethyl-indoline 258.5 77.8
2,3-dimethyl-indoline 281.9 83.9

b Calculated according to the procedure developed by Chickos et al. [11].
b Calculated according to the procedure developed by Acree and Chickos [12] by us-
ing experimental heat capacities Cyp,(crorliq) from this table.

Transpiration method

Absolute vapour pressures were measured using the transpiration method [13,14].
The main idea of this method is to saturate the gas stream flowing over the sample and to
determine the amount of compound transferred by the gas within a given time. Approxi-
mately 0.5 to 0.8 g of the sample is mixed with glass beads (diameter 1 mm) and placed in
the thermostatted U-shaped saturator. The glass beads are needed to enlarge the contact
area between gas and sample. A stream of nitrogen at a well-defined flow rate was passed
through the saturator at constant temperature (+ 0.1 K), and the transported material was
collected in a cold trap. The amount of the condensed substance was determined by GC.
The saturation vapour pressure pi at each temperature Ti was calculated from the amount
of condensate collected within a definite period of time:

pi=miR-Ta | V-Mi; V=(nn2+ni)R-Ta/ Pa (S2)

where V is the volume of the gas phase consisting of the nx2moles of the carrier gas
and n: mole of gaseous compound under study (with the molar mass M) at the atmos-
pheric pressure P and the ambient temperature Ta. The volume of the carrier gas V2 was
determined by the digital flow rate sensor from integration with a microcontroller. We
used the Honeywell S&C - HAFBLF0200C2AX5 digital flow rate sensor with uncertainty
at the level of 2.5 %. The flow rate of the nitrogen stream was also controlled by using a
soap bubble flow meter (HP soap film flowmeter (model 0101-0113)) and optimized in
order to reach the saturation equilibrium of the transporting gas at each temperature un-
der study. The volume of the carrier gas Vn2 was read from the digital flow sensor. The
amount of the compound under investigation 7: in the carrier gas was estimated at each
temperature using the ideal gas law.
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Before starting the vapour pressure measurements, the sample was first pre-condi-
tioned at 310-320 K (within about one hour) in order to remove possible traces of water.
The saturator was then kept at 310-315 K (to remove possible traces of volatile com-
pounds). To ensure that preconditioning was completed at the selected temperature, three
samples were taken sequentially during sample rinsing and analyzed by GC. A constant
vapour pressure at this temperature indicated that the transpiration experiments could
begin. GC analysis of the transported material did not reveal any additional contamina-
tion. The absence of impurities and decomposition products was re-checked by GC anal-
ysis of the saturator content at the end of the entire series of experiments.

Thermodynamics of vaporisation/sublimation

Experimental vapour pressures measured in this work (as well as those from the lit-
erature) have been used to obtain the enthalpies of vaporisation using the following equa-
tion:

AFHY(T) = —=b + A¥CR,, X T (S3)

Experimental vapour pressures temperature dependences were also used to derive
the vaporisation entropies at temperatures T by using the following equation:

ASSS,(T) = ARHS /T + R X In(pi/p°) (S4)

with p° = 0.1 MPa. Coefficients a and b of Eq. (1), APHS(T) and A$SS(T) values are
collected in Table 1. The Eqs. S3-54 are also valid for the treatment of vapour pressures
measured over the solid sample, giving the standard molar enthalpy of sublimation
A8 .HY(T) and the standard molar sublimation entropy A8.S9(T). In this case in Eqs. S3-S4
we used the value A(g:ng,m instead of the Angm—values (see Table S2). The combined un-
certainties of the vaporisation enthalpies include uncertainties from the experimental con-
ditions of transpiration. The uncertainties in vapour pressure and uncertainties due to the
temperature adjustment to T = 298.15 K as described elsewhere [15,16]. The compilation
of the standard molar enthalpies of vaporisation at the reference temperature T = 298.15
K, calculated according to Eq. (S3) is given in Table 1.

Temperature adjustments of sublimation/vaporisation enthalpies.

According to general practice, all thermochemical quantities must be represented at
the reference temperature T = 298.15 K. Sublimation/vaporisation enthalpy derived from
vapour pressure measurements are usually referenced to the average temperature, Tav, of

the experimental range. In any case, they need to be adjusted to T'=298.15 K using a Kirch-
g
cr,l

adjustment of vaporisation/sublimation enthalpies according to Kirchhoff’s rule. The sim-
ple and straightforward method was developed by Chickos and Acree [17]. They sug-
gested an empirical way to assess AfCS,~values by equation:

hoff’s Law. The isobaric heat capacity differences A Clg m are required for temperature

AFCYM(298.15 K) = 0.26 X C9m(liq, 298.15) + 10.58 (S4)

where (g, (lig, 298.15 K)-data are of experimental origin or they can be also esti-
mated according to the group-additivity procedure [11].

2808 (298.15K) = 0.15 X CQpm(cr, 298.15) +0.72  (S5)

where Cf,(cr, 298.15 K)-data are of experimental origin or they can be also estimated
according to the group-additivity procedure [11].
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Table S6. Vapor pressures, p;, at different temperatures compiled from the literature
[18], standard molar vaporisation enthalpies, AigHgl, and standard molar vaporisation en-
tropies, AlgSg1

T/ pi/ AFHR(T)/ AFSH(T)/
K Pae kJ-mol~ J-K-L-mol"!

3-methylindoline. AigH{,’l(298.15 K) = (65.1£1.9) k]-mol~

1 _ 3046 874062 748 T . . _4p

0 (p/Pre) = R RT 7 Moogig s/ Pref=11a
525 101325 48.1 91.7
329 47 62.8 127.0
330 47 62.7 126.2

2,3-dimethylindoline: A¥Hg,(298.15 K) = (67.1£3.9) k]-mol-!

1 — 3183 902698 778, T . =1P

n (p/pref) R RT = n 20815 Pref = a
523 101325 49.6 94.9
517 101325 50.0 96.9
508 101325 50.7 100.0
407 2666 58.6 113.8
398 2666 59.3 118.8

1,2-dimethyl-indoline AlgH,‘,’1 (298.15 K) = (60.8+2.3) kJ-mol

1 _ 3060 840190 778, T . . _4p

n (p/pref) ~— R RT Yy n ~og 1t ’ Pret = a
501 101325 45.0 90.0
500 101325 45.1 90.3
378 3333 54.6 116.1
377 2400 54.7 114.0
376 2400 54.8 114.6
373 3333 55.0 119.1
368 1733 55.4 116.7
368 1733 55.4 116.7
367 1733 55.5 117.3
367 1733 55.5 117.3
315 47 59.5 125.0
314 47 59.6 125.9

1,3-dimethyl-indole, AFHZ(298.15 K) = (67.9 + 1.2) k]'mol!

1 _ 3040 890391708, T . . _qp

n(p/pref) ~ R RT = n2981§ 7 Pref = a
533 101325 51.3 96.3
533 101325 51.3 96.3
532 101325 51.4 96.8
530 101325 51.5 97.3
529 101325 51.6 97.6
418 2400 59.4 111.1
413 2400 59.8 113.7
393 933 61.2 116.8
392 933 61.3 1174
385 1067 61.8 122.6
353 80 64.0 122.0

336 47 65.2 130.3
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335 47 65.3 131.1
1,3-dimethylindoline: APHZ(298.15 K) = (60.0+2.3) kJ-mol-!
298.5 83158.9 77.8
In (0/Prer) = R _T_Tnzt)ms;pref:lpa
523 101325 425 81.3
324 67 57.9 117.9
322 67 58.1 119.5

a Uncertainties of the vaporisation enthalpies are expressed as the expanded uncer-
tainty (0.95 level of confidence, k = 2). They include uncertainties from the fitting equation,
and uncertainties from temperature adjustment to T = 298.15 K. Uncertainties in the tem-
perature adjustment of vaporisation enthalpies to the reference temperature T= 298.15 K

are estimated to account with 20 % to the total adjustment.

Table S7. Correlation of vaporization enthalpies, A®Hg(298.15 K), of aromatic hydrocarbons with

their Lee’s indices (Jiee)

Jree? ABH (298 K)exp  APHS, (298 K)calc Ac
:Compound 1 kJ-mol- l kJ-mol- kJ-mol
tetraline 197.0 55.2 54.7 0.5
quinoline 210.3 59.3 58.3 1.0
iso-quinoline 214.1 59.5 59.4 0.1
2-methyl-quinoline 224.1 61.8 62.1 -0.3
3-methyl-quinoline 2325 63.8 64.4 -0.6
4-methyl-quinoline 235.8 64.3 65.2 -0.9
6-methylquinoline 229.8 64.0 63.6 0.4
7-methylquinoline 2314 63.7 64.1 -04
8-methyl-quinoline 2252 62.0 62.4 -0.4
2-phenyl-quinoline 339.2 92.7 93.3 -0.6
2-phenyl-N-Me-indole 340.4 94.0 93.6 0.4
2-phenyl-N-Et-indole 356.0 98.3 97.8 0.5
1,2-dimethyl-indole 244.4 67.6+1.0

aKovats's indices at 323 K, Jie, on the standard non-polar column SE-52 [19].

b Calculated using Eq. :

ABHE,(298.15 K) /(kJ-mol) = 1.3 + 0.2712x]ree

with (R2 = 0.999)

with the assessed expanded uncertainty of +1.0 kJ-mol! (0.95 level of confidence, k =

2)

¢ Difference between column 4 and 5 in this table.

Table S8. Difference in energetics between the liquid-phase reaction enthalpies,
A H (lig), and the gas-phase reaction enthalpies, AHg(g), of the hydrogenation of indole
derivatives, at T=298.15 K (p°=0.1 MPa, in k]J-mol!)

Substituents Reaction R-I Reaction R-II Reaction R-III

ABHE)  ABHY) ABHE)  A(DHE)/H:?

R=Ri=R:=H 4.9 7.3 12.2 3.1

R=2-CHz; Ri=R:=H 8.7 5.2 13.9 3.5

R=3-CH3; Ri=R:=H 6.3 5.8 12.1 3.1

R =2-CHs; R1=H; R2=3-CHs 2.0 5.0 14.0 35

R=2-CHs; Ri=CHs3; Ra=H 6.9 8.4 15.3 3.8

R=H; Ri=CHs; R2= CHs 6.9 8.3 15.2 3.9

2 Difference in reaction enthalpy per mole Ha calculated from data for Reaction R-III.
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SRS

28.4£0.2 29.5+ 1.1
1.1
0 0
NH NH
452+0.2 45.2-1.1=441

Figure S1. Calculation of vaporisation enthalpy of 2-pyroline:.

Line 1: difference between vaporisation enthalpies of 1,3-cyclopentadiene and cyclo-
pentene;

Line 2: the difference from Line 1 was subtracted from vaporisation enthalpy of 1H-
pyrrole.

Figures below molecules are AFH&(298.15 K) taken from [1]. Figures above the ar-
rows are differences in vaporisation enthalpies, A;O’H&(298.15 K). All values are in kJ-mol-
1

AeHR (g, 298.15 K, 2-pyroline) = 97.5 k]-mol! (calculated by G4(AT) in this work).

AeHp (lig, 298.15 K, 2-pyroline) = 97.5- 44.1 = 53.4 kJ-mol" (see Table S2).

Table S9. Gas-phase standard molar thermodynamic properties of 2-methyl-indole and 2-methyl-
H8-indole at T=298.15 K.

Compound A¢HY, ASS A¢GS, s Com
kJ-mol~ J- KLmol! kJ-mol! J-KL-mol? J-K-1-mol!
2-methyl-indole 121.6+1.5 -366.0 230.7 368.8 146.1
2-methyl-H8-indole  -99.3+2.2 -850.8 154.4 406.1 178.6

Computation of the thermodynamic properties for studied compounds in ideal gas
state.

The conformer search was carried out by using Conformer Rotamer Ensemble Sam-
pling Tool (CREST) by Grimmer utilizing metadynamic scan of the chemical compound,
conformer and reaction space followed by optimization of the found conformers and ro-
tamers at GFN2-xTB level of theory [20,21].

After the CREST stage, the geometries of all found conformers were further opti-
mized and vibrational frequencies and methyl rotational potentials for molecules with
CHs- rotating top were computed using B3LYP hybrid density functional theory with the
cc-pvtz(D3B]) basis set [22,23] with the help of Gaussian 16 package [24]

Thus evaluated results correspond to approximation of «rigid rotor - harmonic oscil-
lator». The most useful way to adjust the computed harmonic vibrational modes to the
level of real molecules in gas phase is to scale them depending on the type of mode
(stretching, deformational and so on). For complicated molecules distinguishing the type
of vibrating mode is a challenging task and, in many cases, not possible. Therefore, we
have divided the whole spectra into 4 regions: stretching N-H vibration (near 3500 cm?),
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stretching C-H vibrations (2600 to 3100 cm) and deformation vibrations in the intervals
1000 to 2000 cm™ and below 1000 cm. The values of scaling factors were evaluated by
comparing the available in gas phase IR spectra [25] for indole, indoline and 2-methyl
indoline with computational results. For 8H-indole only liquid phase IR spectrum is avail-
able for neat sample. No literature IR spectrum was found for 2-methyl-8H-indole. The
results of comparison of scaled computed spectra with gas and liquid phase experimental
spectrum is given in Figures 51-54. In 2-methyl indoline and 2-methyl-8H-indole the me-
thyl torsion was treated as a three-fold one-dimensional hindered rotor

Table S10. The gas-phase standard molar heat capacity, C ;,m, of indole

K Cp o, [26] Cpm (calo), As
! J K1 mol?! J K1 mol?

298.15 120.9 120.9 0.0
300 121.7 121.9 0.2
320 130.4 132.9 25
340 139 143.1 41
360 147.3 152.8 55
380 155.4 161.9 6.5
400 163.2 170.6 7.4
420 170.8 178.8 8.0
440 178 186.7 8.7
460 184.9 194.2 9.3
480 191.5 201.4 9.9
500 197.8 208.3 10.5
520 203.8 214.9 11.1
540 209.5 2213 11.8
560 215 227.4 12.4
580 220.2 233.4 13.2
600 225.2 239.1 13.9

a Difference between column 3 and 2 in this table.
Table S11. The gas-phase standard molar heat capacity, Cpn, of indoline
T K Cp s [26] Cpm (calo), As
! J K1 mol? J K1 mol?

298.15 127.5 127.5 0.0
300 128.4 128.5 0.1
320 137.8 139.5 1.7
340 1471 149.7 2.6
360 156.2 159.4 3.2
380 165.1 168.5 34
400 173.7 177.2 35
420 182.1 185.4 3.3
440 190.2 193.3 3.1
460 198.0 200.8 2.8
480 205.5 208.0 25
500 212.7 2149 22
520 219.5 2215 2.0
540 226.1 2279 1.8
560 232.5 234.0 15
580 238.5 240.0 15
600 244.3 245.7 14




Materials 2021, 14, x FOR PEER REVIEW 9 of 13

a Difference between column 3 and 2 in this table.

Table S12. The gas-phase standard molar heat capacity, C ;,m, of 8H-indole

T K Cp o, [26] Cpm (calo), As
! J Kt mol* J K1 mol+
298.15 151.5 151.5 0.0
300 152.5 153.0 0.5
320 164.4 168.5 41
340 176.3 183.0 6.7
360 188.2 196.7 8.5
380 200.0 209.7 9.7
400 211.6 222.0 10.4
420 2229 233.7 10.8
440 234.0 2449 10.9
460 244.7 255.6 10.9
480 255.1 265.8 10.7
500 265.2 275.6 10.4
520 274.9 285.0 10.1
540 284.3 294.1 9.8
560 293.3 302.8 9.5
580 302.0 311.2 9.2
600 310.0 319.3 9.3
a Difference between column 3 and 2 in this table.
Table S13. The gas-phase standard molar heat capacity, C Z.m' of 2Me-indole
Cpm, [26] Com (calo), .
LK J K2 mol+ J K1 mol+ a
298.15 146.1 146.1 0.0
300 147.0 147.1 0.1
320 156.5 158.1 1.6
340 165.9 168.3 24
360 175.1 178.0 29
380 184.1 187.1 3.0
400 192.8 195.8 3.0
420 201.3 204.0 27
440 209.4 2119 25
460 217.2 2194 2.2
480 224.7 226.6 1.9
500 231.9 233.5 1.6
520 238.8 240.1 1.3
540 2454 246.5 1.1
560 251.8 252.6 0.8
580 257.8 258.6 0.8
600 263.7 264.3 0.6

a Difference between column 3 and 2 in this table.
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Table S14. The gas-phase standard molar heat capacity, C} , of 2-Me-indoline

T K C)m, [26] Cpm (calo), As
! J K-t mol-~ J K- mol~!

298.15 174 174.0 0.0
300 175 175.0 0.0
320 186.2 186.0 -0.2
340 1971 196.2 -0.9
360 207.6 205.9 -1.7
380 217.8 215.0 -2.8
400 227.6 223.7 -3.9
420 236.9 231.9 -5.0
440 245.8 239.8 -6.0
460 254.3 247.3 -7.0
480 262.5 254.5 -8.0
500 270.2 2614 -8.8
520 277.6 268.0 9.6
540 284.6 2744 -10.2
560 291.3 280.5 -10.8
580 297.8 286.5 -11.3
600 303.9 292.2 -11.7

a Difference between column 3 and 2 in this table.

Table S15. The gas-phase standard molar heat capacity, C Z.m' of 2Me-8H-indole

Cpm, [26] Chom (calo), .

LK J K1 mol- J K1 mol+ a
298.15 178.6 178.6 0.0
300 179.8 180.1 0.3
320 193.0 195.6 2.6
340 206.1 210.1 4.0
360 219.2 223.8 4.6
380 232.1 236.8 4.7
400 2448 249.1 4.3
420 257.3 260.8 35
440 269.3 272.0 2.7
460 281.0 282.7 1.7
480 292.4 292.9 0.5
500 303.3 302.7 -0.6
520 313.9 312.1 -1.8
540 324.1 321.2 29
560 333.9 329.9 -4.0
580 343.3 338.3 -5.0
600 3524 346.4 -6.0

a Difference between column 3 and 2 in this table.
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Figure S2. Temperature dependence of the gas-phase standard molar heat capacities:.

e - 2Me-8H-indole, m - 8H-indole, o — Indoline, o - 2Me-indole, x - 2-Me-indoline, + indole.
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Figure S3. Dependence of the gas-phase standard molar heat capacity on [n(T):
e - 2Me-8Hindole, m - 8H-indole
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