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Experimental and Computational Study on the Molecular Energetics of Indoline and Indole
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Static bomb calorimetry, Calvet microcalorimetry and the Knudsen effusion technique were used to determine
the standard molar enthalpy of formation in the gas phase, at 7 = 298.15 K, of the indole and indoline
heterocyclic compounds. The values obtained were 164.3 £+ 1.3 kJ-mol™!' and 120.0 £+ 2.9 kJ-mol™!,
respectively. Several different computational approaches and different working reactions were used to estimate
the gas-phase enthalpies of formation for indole and indoline. The computational approaches support the
experimental results reported. The calculations were further extended to the determination of other properties
such as bond dissociation enthalpies, gas-phase acidities, proton and electron affinities and ionization energies.
The agreement between theoretical and experimental data for indole is very good supporting the data calculated

for indoline.

1. Introduction

The indolic and indolinic (2,3-dihydroindolic) rings appear
in a large number of compounds with biological and industrial
importance. The indole structure can be found in many organic
compounds such as in the amino-acid tryptophan, and in a large
variety of alkaloids. Also, they are found in drugs or drugs
candidates with interesting and promising therapeutic use, for
central nervous system disorders, respiratory disorders, obesity,
osteoporosis, neurodegenerative disorders and cerebellar dis-
orders, acute and chronic pain, osteoarthritis, rheumatoid
arthritis, cancer, asthma, bronchitis, Pick’s disease and glau-
coma, heart diseases, obesity or antithrombosis with potential
for the treatment and prevention of thrombus-embolic diseases.!™
In industry, they are widely used especially in dyes and have
potential as corrosion inhibitors.6

The thermochemical parameters, especially the enthalpies of
formation, have a crucial importance, because they are needed,
for example, to calculate the amount of energy involved in
chemical reactions, to calculate other thermodynamic functions
and to evaluate and interpret the stability of the molecules. Due
to the several crucial applications of compounds containing the
indolic and indolinic rings, several thermodynamic properties
were determined for the parent compounds, i.e., indole and
indoline (2,3-dihydroindole). Thermochemical data for these two
compounds are scarce in the literature, especially in the case of
indoline. The standard molar enthalpy of formation of indole,
in the solid phase, was first determined in 1933 by Stern and
Klebs’ and reanalyzed by Cox and Pilcher® as 116.7 & 0.7
kJ+mol~!. Three decades later, Zimmerman and Geisenfelder?
performed new experiments and reached the result 92.02
kJ+mol~!, without the indication of the associated uncertainty.
More recently, Good'? obtained the value 86.7 + 0.7 kJ-mol ™!,
which is the selected standard molar enthalpy of formation of
indole, in the solid phase, in the NIST webbook.!! There are
several values for the enthalpy of sublimation of indole which
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differ both in the numerical result and in the temperature ranges
at which they were determined. In chronological order, the
enthalpies of sublimation published in the past were as follows:
Serpinskii et al. reported the value of 74.9 kJ+mol~! measured
in the temperature interval 328—383 K,!2 which corrected to T
= 298.15 K yields 77.8 kJ+mol~!. Aihara!? published the value
69.87 4= 0.84 kJ-mol ! at T = 298.15 K, whereas in the work
due to Zimmerman et al.® a somewhat different result, 95.0
kJ+-mol~!, was obtained. A decade later, Arshadi used a mass
effusion technique to determine the enthalpy of sublimation of
indole.!* His value was 77.8 £ 1.6 kJ*mol~!, measured in the
range of temperatures 275—303 K, which corrected to 7 =
298.15 K yields 77.4 4 1.6 kJ-mol~'. Other data available in
the literature are the ionization enthalpies, IE, for both com-
pounds. In the case of indoline, the IE measured by Maier and
Turner after photoelectron spectroscopy experiments is 689.9
+ 1.9 kJ*mol™!,> and that coming from the mass analyzed
threshold ionization spectroscopy experiments due to Lee et al.
is 697.0 &+ 0.1 kJ-mol 1.1 For indole, several values are
available in the literature and range from 747 to 800 kJ+mol~".17
NIST’s selected value for indole is 748.7 £+ 0.1 kJ+mol~!,!8
which is identical to a more recent value due to Braun et al.!?
The reported proton affinities, PA, for indole and indoline are
933.4 4 [8] kJ*mol~! and 957.1 = [8] kJ*mol~!, respectively.?°
The experimental PA of indole is much higher than the
calculated results available in the literature. At T = 0 K, the
MPW 1PW91/6-311+G(2d,2p)//MPW 1PW91/6-31G* and MP2(full)/
6-3114+G(2d,2p)//MPW1PW91/6-31G* values, including the
zero-point energy, calculated by Yang et al. for protonation at
the most favorable C3 site are 892.2 kJ-mol™! and 861.0
kJ-mol~!, respectively.?! At T = 298.15 K, these PA values
are more positive by 5.2 kJ-mol~!. Another computational PA
(T = 0 K) available in the literature is that due to Somers et
al.,?2 888.7 kJ-mol~!, calculated at the B3LYP/6-31G* level
of theory. More recently, the PAs computed by Otero et al.,??
using the B3LYP/6-311++G(2d,2p) and MP2/6-31++G(d,p)
approaches and considering thermal corrections for 7= 298.15
K, were 891.6 and 884.2 kJ *mol ™!, respectively. In the literature,
there are additional experimental thermodynamic results for
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Figure 1. Structural formula of indoline and indole.

indole, i.e., the enthalpy of deprotonation (gas-phase acidity),
namely, the value found by Meot-ner et al., 1472 + 10
kJ+mol~!,2* and the result reported by Taft and Bordwell, 1461
+ 9 kJ-mol~!,?> the N—H bond dissociation enthalpy (BDE)
due to Bordwell et al., 392.5 kJ-mol~!,2° and the values
compiled by Luo for the same property, i.e., N—H BDEs of
380 kJ-mol~! and of 393.7 kJ-mol~ 1%

In the present work, both experimental and computational
techniques were used to obtain additional thermochemical knowl-
edge about the two title compounds. Experimentally, the standard
molar energy of combustion of indoline, in liquid phase, at T =
298.15 K, was measured by static bomb calorimetry. The standard
molar enthalpy of vaporization, at the same temperature, was
measured by Calvet microcalorimetry. In the case of indole, only
the standard molar enthalpy of sublimation, at 7= 298.15 K, was
redetermined as we decided to use the previously determined value
of the standard enthalpy of formation in the condensed phase by
Good.!° Our decision is based on the fact that the result from Good
is the selected value in the NIST webbook and also because, from
previous experience, the results determined by this author are
comparable to the ones determined in our laboratory.?® 30 Finally,
the standard molar enthalpies of formation, in the gaseous phase,
for indoline and indole were derived from the standard molar
enthalpies of formation in the condensed phase and the standard
molar enthalpy of vaporization or the standard molar enthalpy of
sublimation, respectively. A computational chemistry approach was
used to calculate the enthalpies of formation of both compounds
under study using selected working reactions and also to compute
the ionization enthalpies, proton and electron affinities, enthalpies
of deprotonation and N—H and C—H bond dissociation enthalpies.

2. Experimental Section

2.1. Compounds and Purity Control. Indoline [CAS Reg-
istry No. 496-15-1, supplied by author] and indole [CAS Registry
No. 120-72-9, supplied by author], whose structures are shown in
Figure 1, were obtained commercially from Aldrich Chemical Co.
Indoline was purified by repeated fractional distillation under
reduced pressure. The carbon dioxide recovered from the combus-
tion experiments was used as an indication of the purity of the
purified compound. The average ratio of the mass of carbon dioxide
recovered after combustion to that calculated from the mass of
indoline used in each experiment was 99.983 + 0.026%, where
the uncertainties are twice the standard deviation of the mean.
Indole was purified by repeated sublimation under reduced pressure.
The purity of these two compounds was confirmed by gas—liquid
chromatography.

2.2. Combustion Calorimetry. The energy of combustion of
indoline was measured using an isoperibol static-bomb calorimeter,
previously described in the literature.3!3? Using the procedure of
Coops et al.,3 the energy equivalent of the calorimeter was
determined as &, = 159174 4+ 1.4 J-K~!, by combustion of
thermochemical standard benzoic acid, sample NBS 39j, with
massic energy of combustion, under bomb conditions, of A.u =
—26434 43 J-g~1,3* and corrected to give the energy equivalent,
€al, corresponding to the average mass of water added to the
calorimeter, 3119.6 g.
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In all combustion experiments, 1.00 cm?® of water was
introduced into a twin-valve combustion bomb type 1105 (Parr
Instrument Company), with an internal volume of 0.340 dm?.
This bomb was purged twice to remove air, before being charged
with oxygen at p = 3.04 MPa.

The liquid indoline was burnt enclosed in sealed polyester bags
made of Melinex with 0.025 mm of thickness, previously weighed.
The mass of Melinex used in each experiment was corrected for
the mass fraction of water, w = 0.0032, and the mass of CO,
resulted from the Melinex combustion was calculated using a factor
previously reported.?> The specific energy of combustion of dry
Melinex, Au® = 22902 + 5 J-g~!, measured by Skinner and
Snelson,* was confirmed in our laboratory.

For all experiments, the calorimeter temperatures were measured
to =1 x 107* K, at time intervals of 10 s, with a quartz crystal
thermometer (Hewlett-Packard HP 2804A), interfaced to a PC. The
ignition of the samples was made at 7 = 298.150 + 0.001 K by
the discharge of a 1400 uF capacitor through the platinum ignition
wire. At least 100 readings were taken in each of the fore, main
and after periods of each combustion experiment.

For the cotton thread fuse, with empirical formula
CH, 63600843, the massic energy of combustion was assigned
to —Au® = 16250 J-g~!,33 a value also confirmed in our
laboratory.

The corrections for nitric acid formation were based on — 59.7
kJ+mol™!, for the molar energy of formation of 0.1 mol-dm™3
HNO; (aq), from Ny (g), O, (g) and H,O (1).% All the necessary
weighing was made in a Mettler Toledo 240 balance, sensitivity
+1 x 1073 g, and corrections from apparent mass to true mass
were made. For each compound an estimated pressure coefficient
of massic energy, (3u/dp)r, was assumed to be —0.2 J-g~!-MPa™ !,
at T = 298.15 K, a typical value for most organic compounds.’’
For each compound A.u° was calculated by the procedure of
Hubbard et al.® The amount of substance burnt in each experiment,
and on which the energy of combustion was based, was determined
from the mass of CO, produced during the experiments, taking
into account that formed from the combustion of the cotton-thread
fuse and the Melinex bags, with the weighings made in a Mettler
Toledo AT 201 balance, sensitivity =1 x 1075 g.

The relative atomic masses used were those recommended by
the TUPAC Commission in 2005.%

2.3. Calvet Microcalorimentry. The standard molar enthalpy
of vaporization of indoline was determined with a Calvet High
Temperature Microcalorimeter (Setaram, HT 1000D), using for this
liquid a similar technique® to that described by Skinner et al.*!
for the sublimation of solids. The apparatus and the technique used
are described in detail in the literature.*?

In the experiments, samples of about 3—5 mg of compound,
contained in a thin glass capillary tube sealed at one end, were
dropped from room temperature into the hot zone of the calorim-
eter, held at 7 = 329 K, and then removed from the hot zone by
vaporization under reduced pressure. The thermal corrections for
the glass capillaries were made by dropping tubes of nearly equal
mass into each of the twin cells. The observed standard molar
enthalpies of phase transition, Ag 2% 1&<H%, were corrected to 7=
298.15 K using Al sxkH%(g) estimated by a group method
based on the values of Stull et al.** The scheme used was:
indoline = benzene + pyrrolidine — ethane, which yielded
A3 ¥cHS(indoline,g) = 3.72 kJ-mol .

The calibration was made with n-undecane, 99+, supplied by
Aldrich Chemical Co., using the value of AgHY,(n-undecane) =
56.580 £ 0.566 kJ-mol~! for the standard molar enthalpy of
vaporization of the n-undecane at T = 298.15 K.** The value of
the enthalpy of vaporization of n-undecane, at the temperature
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TABLE 1: Areas and Transmission Probability Factors of
the Effusion Orifices

orifice no. Ay/mm? Wo
1 0.5027 0.9884
0.6627 0.9899
3 0.7854 0.9907

of the calibration experiments, was calculated from their value at
T = 298.15 K, using literature values of Adog 15xH%(g) from Stull
et al.** The experimental procedure for the calibration experiments
was the same as that used in the experiments with indoline. At
this working temperature, 7= 329 K, the value of the calibration
constant was found to be k., (T'= 329 K) = 1.0089 + 0.0012.

2.4. Knudsen-Effusion Technique. The Knudsen mass-loss
effusion technique was used to measure the vapor pressures as
a function of temperature of indole. An apparatus was used that
enables the simultaneous operation of three Knudsen cells, with
three different effusion holes. The detailed description of the
apparatus, procedure, and technique can be found elsewhere.*

The temperature interval was chosen to make possible the
measurements of vapor pressures in the range 0.1—1.0 Pa. In
each effusion experiment, the mass loss, Am during the effusion
period ¢, is determined by weighing the effusion cells in a
Mettler AE 163 balance, sensitivity & 0.01 mg, before and after
the effusion time in a system evacuated to a pressure near 1 x
10~* Pa. At the temperature T of the experiment, the vapor
pressure p is calculated by eq 1,

[ Am 2aRT
r= (V5 g

where M is the molar mass of the effusing vapor, R is the gas
constant, A, is the area of the effusion hole and w, is the
respective Clausing factor calculated by eq 2,

W ={1+(3—’)} ‘ @
o Sr
where [ is the thickness of the effusion orifice and r its radius.

The thicknesses of the effusion orifices made on a thin
platinum foil are 0.0125 mm; their areas and Clausius factors
are registered in Table 1.

2.4. Computational Thermochemistry. The G3MP2B3
composite approach was used throughout this work.* The
enthalpy of formation of indole was estimated after the
consideration of the following gas-phase working reactions:

H
N
@}—’BC+7H+N
3

Indole
H
N NH
O =D
/ S
@
Indole 1,3-Cyclopentadiene Indene Pyrrole
H
N NH
+ H,CCH, — + /
/ 7
&)
Indole Ethene Benzene Pyrrole
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The gas-phase reactions shown below were used to estimate
the enthalpy of formation of indoline:

H
N
©6)

Indoline
H
N NH
+ HyCCH; — + \
Q)]
Indoline Ethane Benzene Pyrrolidine

H
N
@ + 2CH,— @ + (CHyCH,),NH
®)

Indoline Methane Benzene  Diethylamine

These reactions have been chosen on the basis of the
available experimental thermochemical data for the com-
pounds there used. It must be noticed that some of the
reactions are not isodesmic and that some errors due to
the consideration of different bonds in the reactants and in
the products may not be compensated.

The computations carried out with the G3MP2B3 com-
posite approach use the B3LYP method and the 6-31G(d)
basis set for both the optimization of geometry and calculation
of frequencies. Introduction of high-order corrections to the
B3LYP/6-31G(d) enthalpy is done in a manner that follows
the Gaussian-3 philosophy, albeit using a second-order
Moller—Plesset perturbation instead of MP4 as in the original
G3 method.*’ The composite calculations were carried out
by means of the Gaussian 03 computer code*® The energies
computed at 7= 0 K were thermally corrected for 7= 298.15
K by introducing the vibrational, translational, rotational and
the pV terms. The vibrational term is based on the vibrational
wave numbers calculated at the B3LYP/6-31G(d) level. The
same computational approach was used to calculate also the
ionization enthalpies, proton and electron affinities, gas-phase
acidities and C—H and N—H bond dissociation enthalpies.
For that purpose, the G3MP2B3 computations were also
extended to cationic, anionic and radicalar species obtained
from indole and indoline.

Finally, to clarify some data, additional calculations were
performed with other computational approaches, namely the
CBS-QB3 composite method,* the B3LYP>%>! and BP86%2->3
approaches based on the density functional theory and the
MP2 method, i.e., Moller—Plesset perturbation theory second-
order corrections to the Hartree—Fock energy.’* The
6-311+G(2d,2p) basis set was used in the noncomposite
calculations.>?

3. Results and Discussion

3.1. Indoline in the Condensed Phase. Detailed results of
all combustion experiments for indoline are listed in Table 2.
In this table, Am(H;0) is the deviation of the mass of water
added to the calorimeter from 3119.6 g, AU(IPB) is the energy
change for the isothermal combustion reaction under bomb
conditions and AUs is the correction to the standard state
calculated by the procedure of Hubbard et al.;*® the remaining
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TABLE 2: Combustion Experiments, at 7 = 298.15 K, of Indoline”

experiment

1 2 3 4 5 6
m(CO,, total)/g 2.40768 2.33233 2.12738 2.12114
m (cpd)/g 0.77097 0.73962 0.67681 0.79939 0.67490 0.83520
m(Melinex)/g 0.05455 0.06215 0.05344 0.05299 0.05327 0.05527
m(fuse)/g 0.00300 0.00291 0.00328 0.00297 0.00316 0.00287
AT /K 1.90823 1.84552 1.68290 1.97190 1.67939 2.06115
elJ K1 16.54 16.55 16.36 16.64 16.31 16.78
Am(H,0)/g 0.0 0.0 0.0 0.0 + 0.1 0.0
—AU(IBP)*/J 30404.78 29405.74 26813.76 31419.52 26758.87 32842.07
AU(Melinex)/J 1249.38 1423.46 1223.79 1213.51 121991 1265.83
AU(fuse)/] 48.72 47.26 53.27 48.23 51.32 46.61
AUHNO3)/J 50.92 46.03 43.22 49.01 42.03 53.01
AU (ign)/J 0.84 0.68 1.16 0.81 0.75 0.67
AUs/] 17.37 16.83 15.13 18.06 15.11 18.96
—Auly-g7! 37664.75 37684.43 37644.76 37642.09 37680.40 37664.82
% CO, 99.975 99.946 100.057 (99.983) 99.953 (99.983)

<Aa*> = —(37663.5 £ 7.2) J-g7' (0.019%)

4 m(CO,, total) is the total mass of carbon dioxide recovered in the combustion; m(cpd) is the mass of compound burnt in each experiment;
m(Melinex) is the mass of Melinex used to enclose the compound; m(fuse) is the mass of the cotton thread fuse; AT, is de adiabatic
temperature rise; & is the energy equivalent of the calorimeter including the contents of the bomb in the final state; Am(H>O) is the deviation
of the mass of water added to the calorimeter from 3119.6 g; AU(IBP) is the energy change for isothermal combustion reaction under actual
bomb conditions; AU(Melinex) is the energy of combustion of the Melinex used in each experiment; AU(fuse) is the energy of combustion of
the fuse (cotton); A(HNOs) is the energy correction for the nitric acid formation; AU(ign) is the electrical energy supplied for ignition; AUs is
the standard state correction; A.u® is the massic energy of combustion of the compound. * AU(IBP) already includes AU(ign).

TABLE 3: Derived Standard (p° = 0.1 MPa) Molar Energy
of Combustion, A U3, Standard Molar Enthalpy of
Combustion, A.HY,, and the Standard Molar Enthalpy of
Formation of Indoline in Liquid Phase, A(HY,, at T = 298.15
K

compound

indoline (1)

—AUS/KT »mol™!
4488.1 +£2.2

—AH%/kJ *mol ™!
44924 +2.2

AHS/KI *mol ™!
58.1+24

quantities are as previously defined.?® As the samples were
ignited at 7 = 298.150 £ 0.001 K,

AU(IPB) = —{e. + Am(H,0)c,(H,0.1) + e) AT, +

AU(ign) (9)
The derived standard molar values for the energy (A.U%,) and

enthalpy (A.Hp,) of the combustion reactions according to eq
10 are given in Table 3.

CHN() +210,(2) =~ 8CO,(2) + TH,00) + INy(e)
(10)

The uncertainty assigned to the standard molar enthalpy of
combustion, in accordance with the normal thermochemical
practice, is twice the overall standard deviation of the mean
and includes the uncertainty in the calibration.’®>’ The value
of the standard molar enthalpy of formation in the liquid phase,
AeHY (1), registered in Table 3, was derived from A HS,, using
the values, at 7 = 298.15 K, of the standard molar enthalpies
of formation of liquid water and gaseous carbon dioxide,
respectively as AsH(H,0,1) = —285.830 = 0.042 kJ+mol ! 8
and AtH(CO,,g) = —393.51 4 0.13 kJ-mol '8

3.2. Phase Transition of Indoline. Results of the micro-
calorimetric determination of the enthalpy of vaporization
of indoline are reported in Table 4. The enthalpy of
vaporization at the temperature 7 corresponds to the mean
value of five independent experiments with the uncertainty
given as the standard deviation. The uncertainty associated
to the standard molar enthalpy of vaporization, at 7= 298.15

K, is twice the standard deviation and includes the uncertainty
associated to the calibration procedure.

3.3. Phase Transition of Indole. The integrated form of
the Clausius—Clapeyron equation, In(p/Pa) = a — b+ (T/K)™!,
where a is a constant and b = A§HY([TD/R, was used to
derive the standard molar enthalpy of sublimation of indole,
at the mean temperature of the experimental range of
temperatures. The experimental results obtained from each
effusion cell, together with the residuals of the Clausius—Clapeyron
equation, derived from the least-squares adjustments are
presented in Table 5.

The entropy of sublimation at equilibrium was calculated as

ALH (T D

ALS (T Op(T=IT D} = “H.% an

Table 6 presents for each orifice used and for the global
treatment of all the (p,T) points obtained for indole, the
detailed parameters of the Clausius—Clapeyron equation
together with the calculated standard deviation and the
standard molar enthalpy of sublimation at the mean temper-
ature of the experiments 7 = [TUl The equilibrium pressure
at this temperature p(T=[TD) and the entropy of sublimation,
at equilibrium conditions, are also reported in Table 6. The
plot of In p vs 1/T for the data obtained experimentally gives
a good straight line. The (p, T) values calculated from the
(p, T) equations within the range of experimental pressures
between 0.1 and 1 Pa are compiled in Table 7.

The sublimation enthalpy, at 7= 298.15 K, was derived from
the same quantity at the mean temperature [TTusing eq 12,

ALH(T=298.15 K) = AL HC (T +
AS

crp,m

(298.15 K—[1D (12)

where Agcym = —50 J+K~T-mol~!, a value estimated by other
authors and tested for organic compounds.>

Finally, in Table 8 the values, at T = 298.15 K, of the
standard molar enthalpy, entropy and Gibbs energy of sublima-
tion for indole are presented. The enthalpy of sublimation
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TABLE 4: Microcalorimetric Standard (p° = 0.1 MPa) Molar Enthalpy of Vaporization of Indoline, at 7 = 298.15 K

compound no. of experiments T/IK Apos 15k HG /KT *mol ™! Aos 15xcHH(g)/kI »mol ™! A$HS(T = 298.15K)/kJ*mol~!
indoline (1) 5 329.1 65.58+ 0.61 3.72 619+ 1.7
TABLE 5: Knudsen Effusion Results for Indole
plPa 10> A In(p/Pa)

T/IK tls orifice 1 orifice 2 orifice 3 orifice 1 orifice 2 orifice 3
275.15 25334 0.1594 0.1471 0.1438 8.1 0.1 —-22
277.17 23626 0.1902 0.1862 0.1773 0.8 —1.2 —6.2
279.15 23293 0.2551 0.2376 0.2311 6.2 — 1.1 —3.8
281.16 21359 0.3146 0.2964 0.2842 2.9 —3.0 —-72
283.17 18714 0.4001 0.3804 0.3680 3.1 - 1.9 —52
285.14 15803 0.5186 0.4912 0.4852 6.0 0.6 —0.6
287.14 14268 0.6637 0.6304 0.6060 7.7 2.5 —14
289.15 12217 0.8228 0.7868 0.7596 6.4 1.9 —1.6
291.14 10187 0.9900 09112 0.8910 2.7 — 5.7 —-79

TABLE 6: Experimental Results for Indole, Where a and b
Are from the Clausius—Clapeyron Equation In(p/Pa) = a —
b+ (KIT), and b = AZHYH(TD/R; R = 8.314472 J-mol 1- K1

TABLE 9: Derived Standard (p° = 0.1 MPa) Molar
Enthalpies of Formation, and of Phase Transition, at 7' =
298.15 K

orifice p(OT0/ A&HW(TDY A& So((TTp(TD)/
number a b TK Pa  kJ-mol™! Jemol~!-K™!

1 32.4147 9433.32 283.15 0.3867 784 + 1.1 276.8 = 4.0

2 32.2697 9409.53 283.15 0.3833 782+ 1.2 2763 £ 4.1

3 32.3578 9442.44 283.15 0.3714 785+ 1.2 2772+ 4.4

global 32.3474 9428.09 283.15 0.3867 784+ 1.4 276.8 £ 4.0

TABLE 7: Values of (p, T) from the Vapor Pressure
Equation for Indole

p/Pa 0.1 02 03 04 05 06 07 08 09 1.0
T/K 271.1 277.6 281.0 283.4 285.3 286.9 288.3 289.5 290.5 291.5

TABLE 8: Derived Standard (p° = 0.1 MPa) Molar
Enthalpy, AgH$,, Entropy, A§.S% and Gibbs Energy, A§G%,
of Sublimation, at 7 = 298.15 K

A&S%/kJ -mol ™!
170.6 £ 4.0

A&G/KJ *mol~!
26.84+ 1.7

compound  A&H/kJ+mol™!
indole 77.6 £ 1.1

measured in the present work, A§HS, = 77.6 £+ 1.1 kJ-mol ™!,
in very good agreement with the results reported by Serpinskii
et al.'? and by Arshadi'* but it is in clear disagreement with the
value reported by Aihara!? and, especially, with the result due
to Zimmerman et al.’

3.4. Indole and Indoline in the Gas Phase. The experi-
mental values of the standard molar enthalpy of formation, in
the condensed phase and of the standard molar enthalpy of
vaporization of indoline, at 7= 298.15 K, obtained respectively
by combustion calorimetry and Calvet microcalorimetry, were
used to derive the standard molar enthalpy of formation of
indoline in the gas phase. As already written above, the standard
molar enthalpy of formation in the gaseous phase for indole
was derived from the standard molar enthalpy of formation in
the condensed phase due to Good,” together with the standard
molar enthalpy of sublimation determined in the present work.
All these quantities are summarized in Table 9.

The standard molar enthalpies of formation of indole and
indoline were estimated by using eqs 8 and their enthalpies of
reaction calculated with the G3MP2B3 computational approach.
The enthalpies of reaction were combined with the experimental
standard molar enthalpies of formation of all the intervening
species, with the exception of indole and indoline, to obtain
the gas-phase standard molar enthalpies of formation, T =
298.15 K, of indole and indoline. The experimental gas-phase
enthalpies of formation at 7 = 298.15 K used: carbon atom,
AHY(g) = 716.67 kJ-mol~ ;%0 hydrogen atom, AsHY(g) =

AHS(g)/kT-mol ™!

AHy(Ler)  AfaHY
compound kJemol™! kJ-mol™! experimental computational®

116.5 (6)

indoline (I)  58.14+24 619+1.7 1200£29 1169 (7)
119.6 (8)

164.3 + 1.3 158.8 (3)

indole (cr)  86.74+0.7° 776+ 1.1 181.6° 165.1 (4)
156.3 & 1.0¢ 158.8 (5)

¢ G3MP2B3 approach was used to calculate the enthalpy of the
working reactions indicated in parenthesis. ” Experimental result
taken from ref 10. < Value from the NIST webbook, ref 11. ¢ Value
from the compilation due to Pedley.®!

218.00 kJ-mol™'; nitrogen atom, AgHZ(g) = 472.68 kJ *mol~!;%0
indene, AHS(g) = 163.4 4 2.0 kJ-mol~1;°! 1,3-cyclopentadien,
AHS\(g) = 134.3 & 1.5 kI-mol~1;%! pyrrole, AH3(g) = 108.4
+ 0.6 kJ*mol~1;%! ethene, AfHY(g) = 52.5 & 0.3 kJ-mol~';0!
benzene, AtHR(g) = 82.6 4 0.7 kJ-mol~!;°! ethane, AtH%(g)
= —83.8 4 0.3 kJ-mol™ ;%! pyrrolidine, AHN(g) = —3.4 +
1.0 kJ-mol~";%" methane, A(H(g) = —74.4 4 0.4 kJ *mol~!;%!
and diethylamine, A¢H(g) = —72.2 4+ 1.2 kJ-mol 16!

The calculated enthalpies of formation are listed and com-
pared with the experimental results in Table 9. As can be seen
in that table, the agreement between the reported experimental
data and the computational values is excellent. In the case of
indoline, the result calculated with eq 8 is almost identical to
the experimental result. Those calculated with eq 6 or 7 are
outside but close to the interval defined by the uncertainty
associated with the experimental result. It is encouraging that
three different working reactions lead to estimated results that
are in close agreement with the experimental value supporting
the experimental result. In the case of indole, the enthalpic
difference between the results calculated with eqs 3-—5,
AAHS(g) = 6.3 kJ-mol ™!, doubles that found for indoline using
also three different working reactions, AAfH(g) = 3.1
kJ+mol~!. Even though it is not a significantly large difference,
the calculated results introduce an interesting question, that is,
which is the experimental result that must be selected in future
compilations of thermochemical data? The result is already
published in the compilation due to Pedley, AHo(g) = 156.3
=+ 1.0 kJ*mol ™!, or that reported in the present work, AgH3,(g)
= 164.3 £+ 1.3 kJ-mol~!. This question arises from the fact
that two of the calculated values (A¢H(g) = 158.8 kJ+mol™")
are closer to the former experimental result and another
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TABLE 10: Comparison of Estimated Standard Molar
Enthalpies of Formation for Indole Obtained with Several
Computational Approaches®

working reaction G3MP2B3 CBS-QB3 B3LYP’ BP86* MP2°

3 158.8 169.4
4 165.1 167.5 165.2  163.6 171.3
5 158.8 160.3 166.4 1652 162.5

@ All values are in kJ-mol~!. Experimental results are: 164.3 £
1.3, ref 10 and this work; 181.6, ref 11; 156.3 £ 1.0, ref . ? The
6-3114+G(2d,2p) basis set was used for geometry optimization and
calculation of thermal corrections.

calculated value (AHS(g) = 165.1 kJ-mol™!) is closer to the
result based on the enthalpy of sublimation reported in the
present work. The value reported on the Pedley’s compilation
was based on the enthalpy of formation reported by Good!? and
on the enthalpy of sublimation determined by Aihara.'?> As the
sublimation enthalpy value of Aihara is quite different from
the other enthalpies of sublimation reported by Serpinskii et
al., by Arshadi and also from our value, all in close agreement
with each other, recalculating the value of Pedley using the latter
enthalpies of sublimation, the agreement would be excellent.
Because the difference between these two available experimental
results is small and the computational approach has an associated
uncertainty,®? some other computational approaches were used
to go a step further in supporting the new value obtained in
this work. The approaches considered were the CBS-QB3
method, which is also a composite approach, the B3LYP and
BP86 functionals and the MP2 approach. In the latter three
noncomposite methodologies, the electrons were described by
the 6-3114+G(2d,2p) basis set. The calculated enthalpies of
formation of indole with these approaches, and considering the
reactions in eqs 3—5, are reported in Table 10. As it can be
seen in this table, the lowest estimated enthalpy of formation
for indole is that obtained from the use of the CBS-QB3 method
and the reaction described by eq 5. The calculated value is 160.3
kJ+-mol~!, which is right between the two experimental results
that seem more reliable. All the other combinations of methods
and reactions yield values that are closer to the experimental
gaseous enthalpy of formation reported in the present work, i.e.,
164.3 4= 1.3 kJ-mol~!. Importantly, the enthalpies of formation
estimated for indoline by the use of the B3LYP/6-311+G(2d,2p)
and the reactions described by eqs 8 are 117.0 kJ-mol~! and
120.0 kJ+mol ™!, respectively, which are in very nice agreement
with the experimental result reported here, 120.0 £ 2.9
kJ-mol ™!, which further supports the AH3(g) = 164.3 £+ 1.3
kJ+mol~! determined for indole.

The G3MP2B3 approach was used to compute some other
thermodynamic properties for indole and indoline. The calcu-
lated values for the gas-phase acidity, enthalpy of ionization,
electron and proton affinity as well as C—H or N—H bond
dissociation enthalpies are reported in Table 11. The electron
affinity obtained for the two title compounds is almost the same,
i.e., ~85 kJ+-mol~!. The introduction of one electron in indole
or indoline is almost 100 kJ+mol~! less demanding than on
pyrrole.®® The insertion of a proton into each of these compounds
does not occur at the same position in the ring. In the case of
indoline, the most favorable position is at the nitrogen atom,
PA of 921.5 kJ-mol~!, whereas in the case of indole the proton
enters at the C3 position with a calculated PA of 889.1
kJ-mol~!. Either of these two calculated results is ~40 kJ-mol~!
less positive than the values appearing in the compilation of
Hunter and Lias.?” Interestingly, the value calculated for pyrrole,
872.9 kJ-mol~!, with the same computational approach almost
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TABLE 11: G3MP2B3 Computed Electron (EA) and Proton
(PA) Affinities, Ionization Enthalpies (IE), Gas-Phase
Acidities (AH,gity) and Bond Dissociation Enthalpies (BDE)
for Indole and Indoline

Y—H
compound EA PA 1E AH,cidgity BDE

indoline  —84.20 921.5(N)  714.0 1531.7(N)  363.8 (N)
957.1 £ [8]° 689.9 4+ 1.9 1607.2 (C3) 366.5 (C3)

697.0 = 0.1°
indole —86.9 889.1(C3) 7634 1460.8 (N)  392.2 (N)
933.4 £ [8]° 747—8007  1608.0 (C2) 3807 (N)
748.7 + 0.1 1472 + 10" 393.7(N)
1461 £9°  392.5¢(N)

@ All values in kJ-mol™' and experimental results are in italic.
»B3LYP/6-311+G(2d,2p) value due to convergence problems in
G3MP2B3 calculations for the anion. ¢ Reference 20. ¢ Reference
15. ¢Reference 16. /Range of experimental values in ref 17.
¢ Reference 18. Selected value in ref 17. " Reference 24. ' Reference
25. 7 Reference 27. * Reference 26.

matches the experimental result.®> Similar concordance between
G3MP2B3 and experimental data was observed in a previous
work,?® which suggests that the present PAs should be intro-
duced in future compilations of thermodynamic data. The
calculated adiabatic ionization enthalpies are ~15 kJ-mol™!
higher than the selected results for indoline and indole but
included in the interval defined by the large number of available
experimental values.!” The gas-phase acidity calculated for
indole almost matches one of the experimental results available
and is almost included in the uncertainty interval associated with
the other experimental result,> suggesting that the calculated
gas-phase acidity for indoline is reliable. The calculated acidities
show that the deprotonation of indole (AH,igy = 1461
kJ-mol~!) is much easier than the removal of a single proton
in indoline (AHgcidgiy = 1532 kJ-mol~!). Nevertheless, the
removal of a proton from a carbon atom of the two rings costs
the same, i.e., ~1608 kJ+mol~!. Finally, the calculated N—H
BDE in the case of indole is 392.2 kJ-mol ™!, which is in perfect
agreement with two of the experimental results available.?0-2”
This gives additional confidence for the calculated N—H BDE
for indoline, 363.8 kJ+mol~!, showing that compounds contain-
ing the indolinic ring may be better antioxidants than those
containing the indolic moiety. Interestingly, the enthalpy
required to remove a hydrogen atom from the N position in the
indolinic ring is almost degenerate with that needed to retrieve
a hydrogen atom from the C3 position.

4. Final Remarks

A combined experimental and theoretical study was per-
formed and the standard molar enthalpies of formation in the
gas phase of indole and indoline were obtained. The experi-
mental result determined in the present work for indoline, 120.0
+ 2.9 kJ-mol™!, is in excellent agreement with the results
calculated using the G3MP2B3 approach, whereas for indole,
calculations with several different approaches support the
experimental value presented in this work, i.e., 164.3 £+ 1.3
kJ-mol~!. Other thermodynamic properties of indole and
indoline were also calculated and compared with literature
values. The calculation of the N—H BDE shows that compounds
with the indolinic ring may be better antioxidants than those
containing the indolic moiety.
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