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Enthalpies of Formation and Substituent Effects ofortho-, meta; and para-Aminotoluenes
from Thermochemical Measurements and from Ab Initio Calculations
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The molar enthalpies of vaporization of 2-amino-, 3-amino-, and 4-aminotoluenes were obtained from the
temperature dependence of the vapor pressure measured by the transpiration method. The molar enthalpy of
sublimation of 4-aminotoluene was measured in the same way. The staptiard(1 MPa) molar enthalpy

of formation AsHy (cr) at the temperatur€ = 298.15 K of crystalline 4-aminotoluene was measured using
combustion calorimetry. The thermochemical investigations of aminotoluenes available in the literature were
collected and combined with our own experimental results to obtain our own reliable standard molar enthalpies
of formation afT = 298.15 K in the gaseous state. Ab initio calculations of aminotoluenes have been performed
using the MP2Full/6-31G(d) and G3(MP2) basis sets, and the results from the bond separation method are in
excellent agreement with the experiment. These new results help to resolve the uncertainty in the available
thermochemical data on aminotoluenes. Weak mutual interactions of substituents in aminotoluenes have been
realized using an isodesmic reaction procedure.

Introduction In this work, we have measured the enthalpies of vaporization
of all three isomers using the transpiration method. For the solid
| isomer, 4-aminotoluene, we have also measured its sublimation

literature on the title compounds is in disarray. Indeed, Drédeger enthalpy using the transpiration method and its enthalpy of

reported the following gaseous enthalpies of formation, I_ormatllon_m tthe (;\lrystalllne s_tata;Hrp](cr), b?ll usu:jg cortnbust- .
AH2(g): 54.8, 61.1, and 41.8 kol ! for 2-, 3-, and ion calorimetry. New experiments have allowed us to obtain

éeliable enthalpies of formation in the gaseous phagt ()

and have helped to resolve the uncertainty in the available
thermochemical data on aminotoluenes. It has been shown
recently that ab initio calculations show very good agreement
with the experimental formation enthalpies of substituted
benzened? For this reason, experimental investigations of the
enthalpies of formation in the gaseous phaskl; (g) of all

hree isomers are accompanied with high-level MP2Full/
-31G(d) and G3(MP2) ab initio calculations.

In the course of our previous investigation of aliph&fiand
aromatic amine3,we have revealed that the thermochemica

4-aminotoluenes at 298.15 K. These values assume noticeabl
interactions (over 20 kihol™1) between the methyl and amino
group in aminotoluenes, which are dependent on their position
on the benzene ring. However, this contradicts the thermo-
chemical calculations performed later by Chao et alhich
predicted nearly equal values afH;(g), 56.4, 54.6.1, and
55.3 kdmol~! for the 2-, 3-, and 4-aminotoluenes so that no
noticeable substituent effects are expected in aminotoluenes. Th
enthalpy of formation in the gaseous phase of any compound
is made up of two contributionsAsHZ,(g) = AH(I) + APHm ] )
or AHe(g) = AHZ(cr) + A%Hp. Although the precise — EXPerimental Section
experimental value of the enthalpy of formation in the liquid
state, AiHp(I), of 2-aminotoluene and its vaporization en-
thalpy, A’Hm, are available from the recent literatiréher-
modynamic data for 3- and 4-aminotoluenes are of low quality.

For example, the\H () values of 3-aminotoluene measured  ion in vacuum. Examination of the samples using GC showed
by combustion experimer®s differ by over 30.0 kamol™, no discernible amounts of impurities. The products were
necessitating new measurements on 3- and 4-aminotoluenesanayyzed with a Hewlett-Packard gas chromatograph 5890 Series
Some available experimental d&té on the vapor pressures || equipped with a flame ionization detector and Hewlett-
of 3- and 4-aminotoluenes (see Table 1) were measured alpackard 3390A integrator. A carrier gas (nitrogen) flow of
elevated temperatures close to their boiling points, and enthalpies; » 1 ¢3.s-1 was used in addition to an HP-5 capillary column

of vaporization afl = 298.15 K, APHn(298.15 K), were not (stationary phase cross-linked 5% PH ME silicone): the column
derived by the authors. Thus, additional vapor pressure mea-jength, inside diameter, and film thickness were 25 m, 0.32 mm,

surements on 3- and 4-aminotoluenes at the temperatures closgnd 0.25.m, respectively. The standard temperature program
to the reference temperature= 298.15 K, seemed desirable  of the GC wasT = 323 K, followed by a heating rate of

in order to derive the corresponding vaporization 167 ks 1to T = 523 K.
(APHm) or sublimation enthalpiesAgHm) at this temperature.

Materials. The liquid samples of aminotoluenes (purchased
from Aldrich) having a mass-fraction purity of about 0.99 were
purified by repeated distillation in vacuum. The solid sample
of 4-aminotoluene (Aldrich) was purified by repeated sublima-

The samples of 4-aminotoluene did not appear to be
“To whom comespondence should be addressed. E-mail hygroscopic, but the sublimed samples for combustion experi-

sergey.verevkin@uni-rostock.de. Fax+49 381 498 6502. Phone: ~Ments were subjected to pellet-drying to remove traces of
+49 381 498 6508. occluded water and were kept in desiccator und€isP
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TABLE 1: Compilation of Data on Enthalpies of Vaporization, A?Hm, of Aminotoluenes

temperature APHm(298 K)
techniqué range (K) APHm(T) kJ-mol~-1b ref
2-aminotoluene (1) E 313:2473.2 50.4 56.2 8
E 391.6-473.4 48.9+ 0.3 57.6+ 0.3 9
M 473.2-690.2 44.6 63.1 10
62.7+ 0.5 4
IP+E 289.9-516.8 51.5Gt 3 575+ 0.3 5
T 282.0-313.2 57.4+-0.2 57.3+ 0.2 this work
3-aminotoluene (1) E 313:2473.2 50.7 56.4 8
E 394.9-476.5 49.7+ 0.3 58.6+ 0.3 9
M 476.4-704.2 45.1 64.1 10
62.7+ 0.5 4
E 419.5-439.1 50.9+ 0.3 59.6+ 0.3 11
T 281.7-312.9 58.4- 0.4 58.3+ 0.4 this work
4-aminotoluene (1) E 313:2473.2 50.2 55.9 8
315.0-473.5 52.2 57.7 12
M 473.6-641.2 45.0 62.1 10
393-474 49.6 58.4 13
T 319.3-344.8 55.5+ 0.3 57.8+ 0.3 this work
4-aminotoluene (cr) 78.8+ 0.5 4
284.0-313.2 76.2- 0.3 76.2+ 0.3 this work

aTechniques: E= ebulliometry; M= static manometer; IR= inclined piston; T= transpiration? Original vapor pressure available in the
literature was treated using egs 2 and 3 in order to evaluate the enthalpy of sublimation at 298.15 K in the same way as our own results in Table
3. ¢Enthalpy of sublimatiomAHpm.

Transpiration Method. The vapor pressures, enthalpies of TABLE 2: Results for a Typical Combustion Experiment on
o g . . L g 4-Aminotoluene atT = 298.15 K ©° = 0.1 MPa)
vaporization,AfHm, and enthalpies of sublimatiogHm, of

the aminotoluenes were determined by using the method of 4-aminotoluene
transference in a saturated stream of nitrogen. The method has m(substance)Ry 0.470182

been described befd®&!® and has proven to give results in m (cotton)/gd 0.003309
agreement with other established techniques for determining the ATJKC_AT /3 ii?%g 95

vapor pressures and enthalpies of vaporization of pure sub- E:Zj'n"a')((f AT;))/J _1964

stances from the temperature dependence of the vapor pressure.  AU,,./J 8.36

About 0.5 g of the sample was mixed with glass beads and —mMAU/F 56.07

placed in a thermostated U tube 10 cm in length and 0.5 cm in AU (dec)/J 31.66

diameter. A preheated nitrogen stream was passed through the ~ Adu’(substance)/td™) —37491.2

U tube at constant temperature@.1 K). The flow rate of the aFor the definition of the symbols see ref 20, = 298.15 K;

nitrogen stream was measured using a soap-bubble flow mete(bomb) = 0.3200 dni; p'(gas) = 3.04 MPa;m(H,0) = 1.00 g;
(+£0.2—0.3%) and optimized in order to reach the saturation AU(ign) = 1.5 J;fm(Pt)_ =9.64 g.”Masses obtained from apparent
equilibrium of the transporting gas at each temperature undermass.eS?AAJC =T - Tlrf ATzcgg f%a'ij(l‘:'mz.é%st ggi) Jﬁf_jr
StUd.y' We t_e sted our apparatus at different flow rates of the (Ae%)ggr(r_)d AC)U;,r(,étﬁ)g)c(orre_ction fo sta%da(rijc;gt(e is ihe su:n of items
carrier gas in order to check the lower boundary of the flow g1 _gs ‘8790, 93, and 94 in ref 20.

below which the contribution of the vapor condensed in the
trap by diffusion becomes comparable to the transpired one. In
our apparatus, the contribution due to diffusion was negligible
at a flow rate down to & dn¥?-h=1. The upper limit for our
apparatus was at a flow rate of 7.5 #hr!. Thus, we carried

transported compound; is the molar mass of the compound,
andV; is its volume contribution to the gaseous phaée: is
the volume of the transporting gas, ahgds the temperature of

out the experiments in the flow rate interval of (6.85) the soap-bul_)ble meter. The volume ofthe_transportmg‘g@&(
dmf-h~1, which has ensured that the transporting gas was in VS determined from the flow rate and time measurements.

saturated equilibrium with the coexisting solid phase in the ~Combustion Calorimetry. An isoperibol bomb calorimeter
saturation tube. The amount of material transported was Was used for the measurement of the energy of combustion of
condensed in a cooled trap at 243 K. The amount of condensedt-@minotoluene. Five successful experiments were carried out

substance was determined by GC analysis using an externafor this compound (see Table 2). The detailed procedure has
standard (tridecane). been described previousl.The combustion products were

examined for carbon monoxide (yer tube) and unburned
carbon, but none was detected. The energy equivalent of the
calorimeterecqor Was determined with a standard reference
sample of benzoic acid (sample SRM 39i, NIST). From nine
experimentsgcqorWas measured to be (14 812420.74) JK L,
The correction for nitric acid formation was based on the
mRT, titration with 0.1 moldm=3 NaOH(aq). The atomic weights used
pisat: 2 = Vo + Vi (Vo> V) (1) were those recommended by the IUPAC Commiséfonihe
VM, sample masses were reduced to vacuum, taking into consider-
ation the density valug(293 K) = 1.13 gcm2 for solid
where R = 8.31447 K~1-mol™l, m is the mass of the 4-aminotoluend? The energy of combustion of cotton thread

The saturated vapor pressus¥' at each temperaturd;,
was calculated from the amount of product collected within a
definite period of time. Assuming that Dalton’s law of partial
pressures applied to the nitrogen stream saturated with the
substancei) of interest is valid, values g were calculated
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AU®(CHy 77£00.887) = —(16945.24+ 4.2) Jg~! was measured TABLE 3: Results from Measurements of the Vapor

earlier. For converting the energy of the actual bomb process Pressure ) of Aminotoluenes Using the Transpiration

to that of the isothermal process and reducing to standard states ethod

the conventional procedifewas applied. T m Ving) p (pexpﬂ'; Pealcd APHm or AZHm
a

Ka mg® dm3¢ P4 kJ-mol-1
Computations
L ) . 2-aminotolueneAPHm(298.15 K)= (57.28+ 0.24) kimol !
Standa_rd ab initio molecular_orbltal calculatlons_ were per- 289.97 7730617 67.17 [ T.K
formed with the Gaussian 03 series of progr&iinergies were In(p/Pa)==—"2=— RTK R (298. 13
obtained at the G3MP2 level of theory. The G3 theory is a 282.0 1.08 2394 1053 0.04 58.37
procedure for calculating the energies of molecules containing 283.3 1.10 2.170 11.86 0.11 58.28
atoms of the first and second row of the periodic chart based gg?'i i'gg i'ggg ig?g _0'%)90 4 585%100
on the ab initio molecular orbital theory. A modification of the 289.3 2.49 2.957 1953 —0.08 57.88
G3 theory that uses reduced orders of the MelRlesset 331'3 iéi (1).392 %ggg —0.%002 57577454
perturbatlon_ theory is the G3(_MP2) _the(?r%lz. This method 5975 151 0.930 37 a4 037 2735
saves cc_>n5|derable c_omputatlonal time compared to the G3 5991 176 0.935 43.46 051 57.22
theory with some loss in accuracy, but it is much more accurate  300.2 1.28 0.626 47.10 0.37 57.15
iag i i 302.1 1.84 0.779 54.60 0.64 57.02
thgn the G2(MP2) theory. I.:or. aII' of the species included in 2037 149 0561 o116 012 26,91
this study, full geometry optimizations were carried out at the 3569 1.84 0.561 7576  —1.14 56.70
HF/6-31G(d) level. The corresponding harmonic vibrational  310.3 1.71 0.405 97.26  —0.79 56.47
frequencies were evaluated at the same level of theory to confirm  313.2 1.80 0.343 120.69 0.23 56.27
that the optimized structures that were found correspond to 3-aminotolueneAPHm(298.15 K)= (58.34+ 0.41) kmol*
potential energy minima and to evaluate the corresponding zero- _291.03 78224.88 66.71, [ T,K
point vibrational energies, ZPE, and the thermal corrections at In(p/Pa)=="="— RT,K) R ' (298,13
298 K. The ZPE values were scaled by the empirical factor, 281.7 2.14 6.161 8.14 0.32 59.44
ini ; 285.9 1.29 2.669 11.24  —0.10 59.16
0.9135. AI_I qf the minima found at the HF/6-31G(d) level were 9891 517 3 350 1298 0.06 =8 04
fU”y reoptlmlzed again at theMP2(FULL)/6-31G(d) level. The 291.4 1.96 2.601 17.50 —0.61 58.79
G3MP2 theory uses geometries from the second-order perturba- 293.5 1.96 2.122 2132 —-0.22 58.65
tion theory and scaled zero-point energies from the Hartree =~ 296.9 1.76 1.474 2764  —071 58.42
Fock theory followed by a series of single-point ener 300.3 1.09 0.085 .70 028 58.20
heory y gle-p 9y 3033 2.68 1.305 47.40 0.76 58.00
calculations at the MP2(Full), QCISD(T), and MP2/GTMP2Large  305.3 1.22 0.514 54.86 0.64 57.86
levels of theory (for details see ref 22). The enthalpy value of g(l)gi %-gg 8'2?? g;-gg 0 ?(-)49 5751'167
the studied compounds @t= 298 K was evaluated according 3129 208 0549 95.47 138 57.35

to standard thermodynamic procedutégminotoluenes have

. - i g — —1
many rotamers due to torsion around the-@Hs; bond. 4-aminotoluene ()A/Hn(298.15 K)= (57.78+ 0.29) kimol

However, the energy difference between these conformers has In(p/Pa)= 29;-67_ 77803.88 67|§17|n(2;’8 Klg
iqi —1) 25-26 R(T, K) .
been found to be negligible (smaller than 0.2rkdl™1). 3193 186 0.263 1628  —oa 56.36
. . 323.0 2.21 0.245 2073 —038 56.11
Results and Discussion 326.0 2.49 0.228 2513  —0.9 55.91
. 329.2 2.60 0.193 310.9 2.9 55.69
Vapor Pressure MeasurementsOur experimental vapor 3320 311 0.193 370.8 07 55.49
pressures of aminotoluenes have been measured in the temper- 335.2 4.08 0.210 447.0 4.1 55.29
ature range of about 30 K and possibly close to ambient 3385 4.48 0.193 5352 -1.9 55.07
X . , . 3412 3.78 0.139 6245 24 54.89
tempelratur((ejs. The foIIown:igbequagon Wz;is fitted to the experi- 344’ 459 0.138 7646 -24 54.65
mentalp, T data usinga andb as adjustable parameters: )
P A J P 4-aminotoluene (cnAIHm(298.15 K)= (76.22+ 0.30) kmol*
sai_ . b g T _307.46_83760.49 25.28 ( T, K g
RInp=a-+ 2+ AfC, '”(T ) @ in(prpa)= 30540 B8TE049. 2826, L1
E 284.0 1.661 7.278 5.24 0.04 76.58
. , L 286.6 1.07 3.563 6.92 —0.10 76.52
To appearing in eq 2 is an arbitrarily chosen reference temper- 287.2 1.75 5.497 735 —0.11 76.50
ature (which has been chosen to be 298.15 K). Consequently, %gg-g i-ég gg% 1%-22 —0-%203 76%‘613842
from eq 2, the expres.smn for the vaporization enthalpy at 2028 162 5645 1408 023 76.36
temperatureT is derived: 295.3 1.61 2.079 1782 —0.15 76.30
297.1 2.03 2121 22.00 0.20 76.25
g - _ g 298.2 2.047 1.881 25.04 0.73 76.22
AHR(T) b+ ACT ®) 298.6 1.99 1.782 25.64 0.31 76.21
301.0 1.96 1.394 3229 —0.06 76.15
Values of A’C, have been derived using the experimental %8%‘3 i.gg tll.gg(lJ ii.% —O.Z)O94 76?16208
values of the |s_obar|c molar heat capacn@b of amino- 305 2 167 0772 49.64 0.48 76.05
toluenesd’ according to a procedure developed by Chickos et  307.9 2.01 0.727 63.66 —0.28 75.98
al?8 The value of AJC, of solid 4-aminotoluene has been ggg-% %-3‘7‘9 g-ggg gi‘)-g; —1-%559 75-7%792
derrlved from the experimental isobaric molar hegt capacity,  371s 560 0.653 9164 —1.03 75 88
C;, according to a procedure developed by Chicko$he 313.2 2.70 0.594 104.64  —0.99 75.84

experimental results and parametarndb are listed in Table a Temperature of saturatiohl2 gas flow 0.8-3.5 dn-h~%. b Mass
3. The set of vapor pressures for 2-aminotoluene available from of transferred sample. Condensed at 243 K. ¢ Volume of nitrogen.
the literatur&®-19is remarkably consistent (see Figure 1), and Used to transfer massnf of sampled Vapor pressure at temperature
we have performed measurements on this compound mostly forT, calculated fromm and the residual vapor pressureTat= 243 K.
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16 TABLE 4: Compilation of Experimental Data on Enthalpies
Oref s of Fusion, Al H, of 4-Aminotoluene
1 * this work AlHn at Tus Ths Al Hn at 298.15 K
aref9 ref kJmol2 K kJmolta
] xref$ 43 17.30 316.6
Xref 10 44 17.28 315.6
10 27 17.19+0.14 317.0£ 0.5
- o 45 18.30
g s Y 46 18.12
p= % 47 17.90 316.85
% 31 18.91+ 0.13 316.85
61 ’6,6 17.9+ 0.3 316.6 17.14£0.3
¥
. 9-‘1 2The experimental enthalpies of fusioA'Cer, measured affs
'G., and adjusted to 298.15 K (see tex)'he average value.
“
21 according to eq 3. For these reasons, the valueafbfnm
(298.15 K) (see Table 3) have been selected for the further
0 calculation of the standard enthalpies of formatidm? (9),

0,0013 0,0018 0,0023 0,0028 0,0033 0,0038
/T,K

of the aminotoluenes.

Enthalpy of Sublimation of 4-Aminotoluene. This com-
Figure 1. Experimental data of the vapor pressures of liquid 2-amino- pound is solid at the reference temperature, 298.15 K. The
toluene. melting temperature is 316 K (see Table 4). No experimental

validation of the transpiration method toward the aromatic Values of the enthalpies of the sublimation of 4-aminotoluene

amines. As can be seen from Figure 1, our results are in excellen’@ve been reported in the literature so far. The value reported
agreement with the ofd® measurements just as well as they by Chao et af.(see Table 1) is an estimate from the vaporization

. . : |
are with the recefitmeasurements. This fact has encouraged enthalpy and the fusion enthalpi(,Hm. The value ofA%Hm-

our further investigation. (298.15 K) for 4-aminotoluene was obtained in this work from
Enthalpies of Vaporization of Aminotoluenes. Although measurements in the temperature ranging from 284.0 K to

there are several reports of the dependence of vapor pressur813.2 K. A valuable test of the consistency of the experimental

on the temperature of aminotoluenes in the literata#&most data on the vaporization and sublimation enthalpies measured

authors did not calculate the enthalpies of vaporization at in this work is to compare the enthalpy of fusiofy,Hm, of

T = 298.15 K from their results. The original published 4-aminotoluene obtained by difference to the experimental
experimental resulfs3 were treated in this work using eqs 2 values. To do this, we investigated 4-aminotoluene by the
and 3, andAPH,(298.15 K) was calculated using the experi- method of transference above and below the temperature of
mental isobaric molar heat capacities of aminotoluenes asfusion, and the values fonJHn(298.15 K) and A%Hp-
described above for comparison with the results of this work. (298.15 K) were calculated. The enthalpy of fusion can be
Our compilation of the data is presented in Table 1. Chao et calculated as the differencA'Cer(298.15 K)= AJHn —

al# also provide a compilation of the experimental data on the APHp, (both values referring t&@ = 298.15 K)= (18.4+ 0.4)
vapor pressures of aminotoluenes. They selected data set&Jmol=l. The experimental enthalpy of fusion at the melting
measured close to the boiling temperatures (mostly from refs 9 temperature,T = 316.6 K is AL Hm(Ts) = (17.9 £+ 0.3)

and 10) and derived enthalpies of vaporization of all three kJmol! (calculated as an average value from the data available
isomers (see Table 1). These values are abed KJ}mol™! in Table 4). Because of the deviation frofn= 298.15 K, the
higher than those in other available data. The discrepancies arexperimental enthalpy of fusion of 4-aminotoluene had to be
apparently due to the large temperature extrapolation of the adjusted to the reference temperature. The adjustment was
results selected from refs 9 and 10. Analysis of the data gatheredcalculated from the equatih??

in Table 1 reveals that except for results derived at high T

temperatures by Glaser and Ruldfidhe enthalpies of vapor- fus

ization for each isomer from our measurements and those fromAlcer(?) ~ A(298.15 K)
the literature are consistent withinl kFmol.”! Jmol -

Another proof of the reliability of our measured enthalpies 1
of vaporization for aminotoluenes provides a comparison among 298.1%} — {(10.58+ 0.2&') [(ﬁ) - 298.1‘%} (4)
these values for ortho, meta and para isomers. Indeed, it is PIVK
obvious from Table 1 that the vaporization enthalpies of 3- and | ) )
4-aminotoluenes are indistinguishable from each other within where the value ofA,C, has been derived from the experi-
the boundaries of their experimental uncertainties. Such behaviormlental isobaric molar heat capacity of liquid 4-aminotoluene,
is typical for most of the meta- und para-substituted benz&hes. Cp= 216.2 Imol~*K™*, and the isobaric molar heat capacities
The vaporization enthalpy obrtho-aminotoluene is slightly ~ of the solid 4-aminotolueneC;” = 163.5 dmol*-K~%, are
(about 1 k\-]mo]*l) lower than those of meta and para isomers’ reported in ref 27. With this adjustment (the Uncertainty of the
and such a decrease is also typical for substituted benzenesgcorrelation was not taken into account), the standard enthalpy
Thus, the values of the vaporization enthalpies of aminotoluenesof fusion atT = 298.15 K,AHm(298.15 K)= (17.1+ 0.3)
derived in this work possess a degree of internal consistency.kJmol~! was calculated (see Table 4). Thus, the enthalpy of
As has been mentioned already, our results are very close tofusion ALH?, calculated from the differencA%H, — A%H,
those reliable data available from the literature, however, our measured in this work differs from those measured by calo-
data have been measured around the reference temperaturegimetry (and adjusted t& = 298.15 K) only by 1.3 kdmol™1.

T = 298.15 K, and less affected by the adjustment procedure The agreement could be considered as acceptable taking into

Tfus
= {(0.75+ 0.1503’)[(?) —
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TABLE 5: Summary of Experimental Specific Energies of TABLE 6: Total Energies at 0 K and Enthalpies at 298.15
Combustion and Standard Molar Thermodynamic Functions K (in Hartree) of the Molecules Studied in This Work
at T = 298.15 K p° = 0.1 MPa) for 4-Aminotoluene
G3MP2
4-aminotoluene; MP2Eull
[(Acu®){ 4-aminotoluene, cr, 298.15(J-g™ 1) /631G (d)  TCH
—37485.9 —37493.8 —37497.0 —37484.6 —37491.4 compounds Eo Haos Eo with scaling
AW I oL —37490. P 2-aminotoluene—326.353429—326.344918—325.860159 0.149184
A CHUO (ué(;])/g(;kJ?mol’l) 34022? gi i 3 3-aminotoluene—326.353026—326.344139—325.859091 0.148940
ACH‘T(cr)/(kJ-mol’l) ~19 '2:|: 1'3 4-aminotoluene—326.352140—326.343211—-325.858728 0.148970
i : : benzene —231.829758—231.824309—231.487188 0.102963
. | amino-benzene—287.113824—287.106878—286.683433 0.120578
account the spread of the experimental valuggHm(Trs), toluene —271.068985-271.061629—270.662873 0.131314
collected in Table 4. Thus, our results for the vaporization and methane —40.422100 —40.418284
sublimation enthalpies of 4-aminotoluene have been proven to @mmonia —56.470142 —56.466333
be consistent ethene —78.434778 —78.430777
’ ethane —79.651199 —79.646714

Enthalpy of Formation of 4-Aminotoluene. The results of
a typical combustion experiment for 4-aminotoluene are sum- TABLE 7: Results of Calculation of the Standard Enthalpy
marized in Table 2. The values of the standard specific energiesof Formation AsHp(g) for Aminotoluenes in the Gaseous
of combustion,Ac®, together with their mean, are given in Phase at 298.15 K in k3mol™
Table 5. To deriveAsHp (cr) from AcHy, the molar enthalpies G3MP2 MP2Full
of formation of HO(l): —(285.830+ 0.042) kdmol~* and bond separation
. —1 H
g}%g)D ATsi?f'i%tt gﬁ';; ![(f;}em doelriv:(,je;(taa:%ka?g’rr?c?I;'S::l%frl]:Igy corflpounds atomization reaction 1 reaction 2 reaction2  exptl
of combustion and the standard molar enthalpy of formation of g'am!”om'“e”e 50.7 57.7 53.1 528  526.0
. . . -aminotoluene 52.7 59.7 55.2 55.0 57.0
4-aminotoluene. The total uncertainty was calculated according 4_aminotoluene ~ 55.2 62.1 57.6 560 5%0.3
to the guidelines presented by Olofss8rnThe uncertainty
assigned toAsHy, is twice the overall standard deviation and  methods. For the latter method, two sets of isodesmic reactions
includes the uncertainties from calibration, from the combustion \vere used to determine the enthalpies of formation of the
energies of the auxiliary materials, and the uncertainties of the aminotoluenes via a theoretical calculation of the reaction
enthalpies of formation of the reaction productsOrand CQ. enthalpies. The first scheme is based on the reaction of
Previous determinations of the standard molar enthalpy of aminotoluene with methane to form simple molecules:
formation AsH? (cr) of 4-aminotoluene were made by Swérts
and Pushihby combustion calorimetry. Their values of 18.2 NH,
and 20.6 kdmol~1 are in close agreement with each other, but
they are about 40 kihol™! less negative than our value
—(19.2 £ 1.3) kImol™®. We do not have a reasonable —loH, + 6CH, ====== NH;+3CH=CH+5CH; (1)
explanation for such a discordance, but a rough estimation =
performed by Chao et 4lusing the enthalpies of formation of
aniline, toluene, and 1,4-dimethylbenzene provided the value

of AfH2(cr) = —23.5 kdmol~! for 4-aminotoluene, and this The second scheme is based on the distribution reaction of
value is in reasonable agreement with our new combustion @Minotoluene with benzene:
results.

Calculation of the Gaseous Enthalpies of FormationThe e NHz CHg
values of the vaporization enthalpies of aminotoluenes, as well N
as the enthalpy of sublimation of 4-aminotoluene, derived in S © . )
this work possess internal consistency. These values (see Tabl y
3) can now be used for further calculation of the standard

enthalpies of formationAsHy,(g) at 298.15 K, of the amino-
toluenes. For this purpose, we selected the following enthalpies Isodesmic reactions rely on the similarity of bonding environ-

of formation from the literature:AiHy(I) = —(4.7 £ 1.0) ments in the reactants and products that leads to the cancellation
kJmol~1 of 2-aminotoluene, derived from the combustion of systematic errors in the ab initio calculatiofidJsing the
results by Steele et aland AH:(I) = —1.3 kImol™? of enthalpies of reactions 1 and 2, calculated by G3(MP2) and

3-aminotoluen® 3% and AiHg (cr) = —(19.2+1.3) k3mol of MP2Full/6-31G(d), together with the enthalpies of formation,
4-aminotoluene, measured in this work. The resulting values AsHg,(g), for benzene, toluene, aniline, ammonia, methane,

of the standard molar enthalpies of formatiakH; (g), of ethane, and ethene recommended by Pedley € ale
aminotoluenes are given in the last column of Table 7. calculated the enthalpies of formation of all three isomeric
Quantum Chemical Calculations for Aminotoluenes.Ab aminotoluenes (see Table 7). Although the enthalpies of

initio molecular orbital methods for the calculation of the formation of the aminotoluenes were calculated with help of
enthalpy of formation of aminotoluenes have not been yet isodesmic reaction 2, for both the G3(MP2) and the MP2Full/
reported in the literature. Our results are presented in Table 6.6-31G(d) method, they are in excellent agreement with the
In standard Gaussian-n theories, theoretical enthalpies of forma-experimental values derived in this work; the enthalpies of
tion are calculated through atomization reacti#tRaghavachari formation of the aminotoluenes were estimated with the help
et al38 have proposed to use a set of isodesmic reactions, theof the atomization procedure, and bond-separation reaction 1
“bond separation reactions”, to derive theoretical enthalpies of systematically deviates from the experimental results by about
formation. We calculated the enthalpies of formation of amino- 3—4 kJmol.”! Because the G3(MP2) method is more sophis-
toluenes with the help of both atomization and bond-separation ticated in comparison to MP2Full/6-31G(d), the enthalpies of
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TABLE 8: Results of Calculation of the Standard gained by the amine using highly directed spbitals for bond
Ent_halp|?5 of R_eacktllorgArH; folgrfieactlor%% é“i’o“é”?g ol formation526 This asymmetric interaction between the amino
minotoluenes in the Gaseous Phase at 298.15 K in #o group and the aromatic ring produces a small displacement of
—AH;/kJmolt the nitrogen atom out of the benzene ring. However, this delicate
reaction 2 MP2Full6-31G (d) G3MP2 exptl interplay between geometrical and electronic factors in 2-amino-
. S 1
>-aminotoluene P 19 Y toluene results in a very weak stap|I|zat|on of 2.4rkdl™L.
3-aminotoluene 0.0 +0.2 +0.2 The calculated structure for 4-aminotoluene shows that the
4-aminotoluene +1.0 +2.6 +2.0 minimum energy conformation has a hydrogen atom of the

methyl group perpendicular to the plane of the ring. The
formation calculated by G3(MP2) are considered to be more aromatic ring in 4-aminotoluene is clearly distorted from a
reliable for the analysis of substituent effects in aminotoluenes. regular hexagon (as that in benzene); however, the angle

Internal rotation of the CH3 and NH2 tops has been between the ring and the NHplane in 4-aminotoluene is
considered on the basis of the corresponding potential energycalculated to be 42 which is very close to that in anilirf.
functions in evaluation of the thermal part of the enthalpies of This shows that the interaction of the gblibstituent with the
formation from quantum-chemical calculations. The values of amino group is not large and the destabilization of 4-amino-
the frequencies of normal vibrations and the moments of inertia toluene by 2.0 kdnol~! obtained in this work seems to be
for the molecules of the aminotoluenes are given in the tables reasonable in size.
of the Supporting Information. A substantial advantage of ab initio calculations toward

Analysis of Substituent Effects.The inclusion of the amino  benzene derivatives is that this method allows for the estimation
substituent in toluene leads to the variation of charge distribution of substituent effects directly from enthalpikises (see Table
in the molecule, and consequently, this affects the structural, 6). Indeed, the latter values result from ab initio calculations
electronic, and vibrational parameters. The methyl and amino directly. One can derive the substituent effects on the benzene
groups are generally referred to as electron-donating substituentsing using these valuesi,os, with the help of an isodesmic
in an aromatic system. The Glihteracts with nearbyt systems  reaction such as that in Scheme 2. In the case of aminotoluenes,
via hyperconjugation, whereas the Bidhares its lone-pair  the enthalpy of the reaction in Scheme 2 is, in general, equivalent
electrons with p electrons in the ring. Both mechanisms imply to the interaction between the amino and methyl groups. Thus,
electronic delocalization, with the energetics expected to be the substituent effects in aminotoluenes were derived (Table 8)
small. But how can these energetics be assessed properly? Thas the enthalpies of reaction 2 and using only the ab initio values
total energetics of the substituent effects can be examined inof the enthalpiesHagg of reactions of the participants from
several different ways. The following two approaches are Table 6. For validation of this procedure, we have also calculated
generally used: the standard enthalpies of reaction/QHy,, using the experi-

(a) Group additivity procedures are conventionally applied mental A(H2,(g) of the reaction participants selected in this
to derive substituent effects (or strain enthalpies) as the work. The results are compared in Table 8. They show that
differences between the observed enthalpies of formation inthe A;H° | derived experimentally or calculated by MP2Full/
gaseous state and the values calculated by applying anyone 06-31G(d) or G3(MP2), are in excellent agreement.

a number of group-additivity schem&s*1 We have discussed
the substituent effects of alkyl-anilines recehflyin such a Conclusions
manner.

(b) Isodesmic reactions involving aminotoluene can be also
used to obtain the effects of the interaction of <id NH, by

This investigation was undertaken to establish a consistent
set of experimental thermochemical quantities for isomeric

attaching them to the separate benzene rings (according to theammotol_uenes. Our own results, tpgether with a large number
of experimental results from the literature have been used to

scheme presented by reaction 2 above). This will allow the total derive reliable values for the enthalpy of formation of amino-

substituent effect to be evaluated for each species studied. Thi . -
way is especially convenient for benzene derivatives becaus:ioluenes at the reference temperature, 298.15 K. This collection,

the enthalpy of the distribution reaction like that in reaction 2 togethe_r V.V'th our own res_ults helps to resolvg the previous
expresses the energetics of the mutual interaction of substituent ontradictions in the experimental thermochemistry of amino-
on the benzene ring directly. For instance, from the enthalpy oluenes.
of reaction 2, one can distinguish the strain (or substituent
effects) of 2-aminotoluene in comparison to benzene, toluene
and aniline, or in other words, this amount of interaction is
caused by the steric and electronic interactions of methyl and
amino substituents. We calculated the substituent effects in
aminotoluenes with the help of reaction 2 using the experimental fr
enthalpies of formationAsH?(g), of the participantd® These
calculations (see Table 8) reveal that 2-aminotoluene is stabilized
slightly by about 2.4 kdnol1. In contrast, a weak destabiliza-
tion qf about 2. kdmol™1 is calculated in .4-aminotoluene. References and Notes
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