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The present work reports the values of the standatd=0.1 MPa) molar energies of combustion for the liquid
isomers methyl picolinate and methyl isonicotinate and for the crystalline isomer methyl nicotinate measured by
static bomb calorimetry. The molar enthalpies of vaporization of the three isomErs 888.15 K as well as the

molar enthalpies of sublimation of two of them (methyl picolinate and methyl nicotinate) were derived from
vapor pressure measurements at different temperatures using a static method. The molar enthalpies of vaporization
atT = 298.15 K of methyl picolinate and methyl isonicotinate were also measured using Calvet microcalorimetry.
The thermal behavior of the compounds was studied by differential scanning calorimetry, and the temperatures
and the molar enthalpies of fusion were determined using this technique. The experimental results were used to
derive the gaseous standard molar enthalpies of formation, at 298.15 K, of the three pyridinecarboxylic acid
methyl ester isomers and the triple points of the ortho and meta isomers.

Introduction \ \ \

Thermochemical data are essential for the understanding of N

O 0
the relations between the structure and reactivity of molecules, \ /N \ ° / \
and that reason justifies the importance of the study of key N
compounds from several classes of compounds because such \—— o) _ Y —_— O
data permit clarification of the chemical behavior of the
corresponding species. In this context, systematic experimental (a) (b) (c)

and theoretical thermochemical studies on heterocyclic mol- Ei . -

. L. . igure 1. Molecular formulas for pyridinecarboxylic acid methyl ester
eCU|e_S derived from pyridine have been dor_]e in our Thermo- isomers: (a) methyl picolinate, (b) methyl nicotinate, and (c) methyl
chemistry Laboratory for more than a decade in order to evaluatesonicotinate
the energetic effects of different substituents on the pyridinic
ring.1~14 The main goal of the present work is to determine the
gaseous enthalpies of formation of methyl picolinate (2- 3-PyCOOCH (CASRN 93-60-7) and 4-PyCOOGHCASRN
PyCOOCH), methyl nicotinate (3-PyCOOGH and methyl  2459-09-8) were prepared by the esterification of nicotinic acid
isonicotinate (4-PyCOOC#), represented in Figure 1, together and isonicotinic acid, respectively, with trimethylorthoacetate
with the measurement of other relevant properties to the according to the published synthetic method of Trujillo and
thermodynamic characterization of those isomers. Gopalants Both products were collected and further purified

The present work reports for the three pyridinecarboxylic acid by fractional distillation under reduced pressure. The purities
methyl ester isomers the experimental values of the standardof 2-PyCOOCH and 4-PyCOOCH were checked by GLC
molar energies of combustion, the standard molar enthalpies of(ysing an HP 4890 apparatus with a 15 m length column HP-5,
vaporization, and the standard molar enthalpies of sublimation 5 o4, diphenyl, and 95 % dimethylpolysiloxane under a nitrogen
of two of them—methyl picolinate and methyl nicotinate. For pressure of 21 kPa; the temperature oven was 423 K), whereas
methyl isonicotinate, the enthalpy of sublimation was estimated o purity of 3-PyCOOCHwas confirmed by DSC after it has
from the enthalpies of fusion and of vaporization. been dried atT = 303 K under reduced pressure. For

The experimental re;ults are usc_ad to derive the gaseo“%-PyCOOCl—j and for 4-PyCOOCH| microanalytical determi-
standard mo'la.r enthalp|e§ of formatlon,'lat: ,298'15 K, of nations yielded the following results (mass fractions). For
the three pyridinecarboxylic acid methyl ester isomers. In order 3-PyCOOCH: C7H/NO,, C, 0.6139; H, 0.0516; N, 0.1011. For

to co;nplementttr:jg |£jesultsOi ttl:]e tr;ermal kiehavior (c)jf :L\e con|1- 4-PyCOOCH: C;H;NO,, C, 0.6137; H, 0.0507; N, 0.1013.
pounds was studied, and the temperatures and theé molaic, g ¢ 0.6131; H, 0.0514; N, 0.1021. The percentage of CO
enthalpies of fusion were determined by differential scanning

calorimetr recovered in the combustion experiments also showed the high
Y- purity of the samples.
Experimental Section The densities) of the samples and the average ratig}p (
Materials. The compound 2-PyCOOGHCASRN 2459-07- of the mass of carbon dioxide recovered to that calculated from
6) was a commercial sample from Aldrich, 99 %. The isomers the mass of sample, together with the standard deviation of the

* Corresponding author. E-mail: mdsilva@fc.up.pt. Phor@51 22 6082 mean, were as follows: 2-PyCOOgH = 1.137 gcm 3,16 »
838. Fax: +351 22 6082 822. = (0.9999+ 0.0003); 3-PyCOOCk p = 1,0 gcm3 (assumed),
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1 = (0.99984 0.0003); 4-PyCOOCkK p = 1.161 gcm 316 4 standard molar enthalpies of sublimation of naphth&feaerd

= (0.9980+ 0.0005). of vaporization of-decané? The determination of the enthalpy
_ _ of sublimation of the 3-PyCOOCHisomer has not been
Calorimetric Measurements performed using Calvet microcalorimetry because its low

Static Bomb CalorimetryThe energies of combustion of the tﬁmperature of fus:cor;]_and I:]'g.h vapor pressure did not allow
three compounds were determined using an isoperibol static"® .accuraFe use o t Is tec r.1|que. .
bomb calorimeter, with a twin valve bomb of internal volume  Differential Scanning Calorimetry Enthalpies and temper-
0.290 dm. The calorimeter and technique have been previously atures of fusion of the thrge isomers were determined with a
described™ 19 The energy equivalent of the calorimeter was S€taram DSC 141 calorimeter. Thermograms of samples
determined twice during this experimental study, by the hermetically sealed in steel pans were recorded in an air
combustion in oxygen of thermochemical standard benzoic acid &fMmosphere at a scanning rate of 0.01§K All the pans were
NBS, SRM 39j, with the massic energy of combustionAqéi weighed before and after the experiments to cor_1f|rm that no
= —(26434+ 3) }g~! (value under certificate conditions). The prpduct Iealfgg.e had occurred. A Mettler UMT2 microbalance,
calibration results were corrected to give the energy equivalent With a sensitivity of (1x 1077) g, has been used.
(eca) corresponding to the average mass of water added to the For each compound, at least five samples weighing (8 to 10)
calorimeter, 2900.0 g. For the study of isomers 3-PyCO@CH mg were recorded. To verify the stability of each compound
and 4-PyCOOCEH| one set of 12 calibration experiments was after melting, several scans were performed for each sample.
made in oxygen g = 3.04 MPa with 1.00 cfhof water added Both the cooling and heating scans were reproducible after
to the bomb and yieldee.y = (15546.5+ 1.1) JK1, where several cycles for the three isomers. The samples were studied
the uncertainty quoted is the standard deviation of the mean.over the following temperature ranges: (253 to 303) K for
For the study of 2-PyCOOCH another set of 11 calibration ~2-PyCOOCH, (293 to 323) K for 3-PyCOOCE and (263 to
experiments was made, yieldimgy = (15553.34+ 0.9) JK 1L, 303) K for 4-PyCOOCH No solid—solid-phase transitions were
For the combustion experiments, crystalline 3-PyCOQ@ks observed for the three isomers over these temperature intervals.
burnt in pellet form whereas the liquids 2-PyCOO£&hd The cooling scans from above the melting temperature of
4-PyCOOCH were enclosed in melinex bags, according to the each compound toward the lower temperature limits were
technique described by Skinner and Snelbithe massic achieved using circulating water from a thermostatic bath for
energy of combustion of dry melinex.u” = —(22902+ 5) the study of 3-PyCOOCH and using circulating dry air,
Jg~1,20 was confirmed by combustion of melinex samples in refrigerated with liquid nitrogen, for the study of 2-PyCOO£H
our laboratory. The mass of melinex used in each experimentand of 4-PyCOOCH! In both cases, an approximately constant
was corrected for the mass fraction of water (0.0F82)l the cooling rate of 0.017 K was attained. Each melting curve
samples were ignited dt= (298.150+ 0.001) K in oxygen at allowed computing the temperature and enthalpy of fusion of
p = 3.04 MPa, with 1.00 cfof deionized water previously  the samples. The relative atomic masses used throughout this
added to the bomb. paper were those recommended by the IUPAC Commis8ion.

The electrical energy for ignitioAU(ign.) was determined Vapor Pressure Measurement$he vapor pressures of the
from the change in potential difference across a 1460 three isomers were measured at different temperatures using a
capacitor when discharged through the platinum ignition wire. static apparatus based on a capacitance diaphragm gage. The

For the cotton thread fuse, of empirical formula {#s00.543 apparatus and the measuring procedure have been recently
the massic energy of combustionAsu® = —16250 Jg—1.2! described in detafl! so only a short description is given here.
The corrections for nitric acid formatio’\U(HNO3), were It is constructed of stainless steel tubing of internal diameter
based on the value59.7 kdmol~122 for the molar energy of 17 mm with connections ConFlat DN 16 CF and includes all
formation of 0.1 moldm=3 HNOz(aq) from N, O,, and HO- metal angle valves, VAT series 57 high-temperature range for
(). An estimated pressure coefficient of specific energyu/¢ UHV, operated pneumatically. The pressure is measured by a

p)r = —0.2 Jg-:MPal at T = 298.15 K, a typical value for ~ capacitance diaphragm absolute gage MKS Baratron 631A01-
most organic compound$d,was assumed. The mass of com- TBEH, with a measuring upper limit of 133 Pa and the
pound,m(compound), used in each experiment was determined uncertainty of 0.25 % of the reading pressure, as stated by the
from the total mass of carbon dioxid®(CO,, total), produced manufacturer. The temperature of the pressure sensor is kept at
after allowance for that formed from the cotton thread fuse and T = 423 K by the self-controlling temperature system. The
melinex. For each compound, the standard massic energy ofpressure gage has been calibrated at 423 K by the manufacturer
combustion Acu®) was calculated by the procedure given by at seven equally spaced pressures from 0 to 133 Pa with a

Hubbard et af* maximum deviation of 0.23 %. This calibration is traceable to
Calvet Microcalorimetry. The enthalpies of vaporization of ~ the National Institute of Standards and Technology (NIST).
2-PyCOOCH and 4-PyCOOCHKIwere determined in a Calvet The temperature of the sample is measured using a platinum

high-temperature microcalorimeter (SETARAM HT 1000), resistance thermometer Pt100 class 1/10 (in a four-wire con-
using the “vacuum-sublimation drop microcalorimetric metii8d”,  nection), which is in a good thermal contact with the sample.
adapted for liquidg® Samples about (6 to 9) mg of the liquid  This thermometer was calibrated by comparison with a SPRT
compounds, contained in a thin glass capillary tube sealed at(25 Q; Tinsley, 5187A). The uncertainty of the temperature
one end, were dropped at room temperature into the hot reactiormeasurements is estimated to be better tha6.01 K. All
vessel of a high-temperature Calvet microcalorimeter held at temperatures reported here are based on the international
= 386 K for 2-PyCOOCHor atT = 388 K for 4-PyCOOCH temperature scale 1TS-90.

and then removed from the hot zone by vacuum evaporation. The apparatus has been tested by measurements of vapor

The observed enthalpies of vaporizatiahﬁ,”zgglls,ﬁﬁq, were pressure of recommended reference materials (naphthalene,
corrected tol = 298.15 K, usingAos 154Ho(0) estimated by a  benzoic acid, benzophenone, and ferrocene) and proved to
group method based on the values of Stull ef’alhe provide reliable vapor pressure data as well as enthalpies of

microcalorimeter was calibrated in situ using the reported sublimation or vaporization. The uncertainty in the pressure
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Table 1. Typical Combustion Experiments atT = 298.15 k& Table 3. Derived Standard ° = 0.1 MPa) Molar Values in the
2-PyCOOCH _ 3-PyCOOCH _ 4-PyCOOCH Liquid or Crystalline Phases, atT = 298.15 k&

m(CO, total)/g 1.81149 1.40994 1.96846 compound Ar(cr. ) AdHy(er, ) AHn(er D)
m(compound)/g 0.75391 0.62594 0.81060 2-PyCOOCH(I) —3481.5+ 1.6 —3482.1+1.6 —2729+1.38
m(melinex)/g 0.05002 0.06263 3-PyCOOCH(cr) —3460.1+1.8 —3460.7+1.8 —294.2+2.0
m(fuse)/g 0.00206 0.00236 0.00252 4-PyCOOCH(I) —3476.0+£15 —3476.6£15 —278.3+1.38
ATadK 1.30925 1.02071 1.41952
el (FKY) 14.50 14.20 14.72 aValues in kmol=2.
Am(H20)/g -0.8 -0.3 -2.1
—AU(IBP)"/J 20377.73 15881.65 22076.96 Table 4. Calorimetric Values for the Standard (p° = 0.1 MPa)
—AU(Melinex)/J 1145.66 1434.42 Molar Enthalpies of Vaporization, at T = 298.15 K
—AU(fuse)/J 33.45 38.33 40.92 PE - PR—
—AU(HNO3)/J 42.17 31.76 37.13 no.of T Alzggasdm Agggasdn(@) ArHRE®
AU(ign.)/J 0.67 1.19 1.18 compound expts K  kdmol™! kFmol~t kFmol~t
—AUs/Jd 15.57 11.86 17.23
DNy awres  Bawss  mes S0t 0w eEie nn g

*m(COy, total) is the total mass of GOformed in the experiment.  1ap16 5 Temperatures and Enthalpies of Fusion of 2-PyCOOCH

m(compound) is the mass of compound burnt in the experinng(fiise) is N _
! h A 3-PyCOOCHs3, and 4-PyCOOCH;

the mass of fuse (cotton) used in the experimé,q is the corrected
temperature rises is the energy equivalent of contents in the final state. indirect method
Am(H20) is the deviation of the mass of water added to the calorimeter calorimetric (vapor pressures)
from 2900.0 gAU(IBP) is the energy change for the isothermal combustion | |
reaction under actual bomb conditionrAU(melinex) is the energy of Thus Aghn(Tivg - AgHm(Tr) -~ Tmr pre
combustion of melinexAU(fuse) is the energy of combustion of the fuse compound K kdnol~1 kFmol—t K Pa

(cotton). AU(HNO:s) is the energy correction for the nitric acid formation. 2-PyCOOCH 2892102 168+01 175:03 2934 368

AU(ign.) is the energy of ignitionAUs is the energy correction to the
o : 3-PyCOOCH 312.6+0.1 19.3+0.3 19.7+£0.2 312.7 56.4
standard state\cu° is the standard massic energy of combustfohU(IBP) 4-PyCOOCH 2834+ 04 14.6+0.3

includesAU(ign.).

Table 2. Individual Values of the Massic Energy of Combustion, normal thermochemical practiééthe uncertainties assigned to
A’ at T = 298.15 K the standard molar enthalpies of combustion are, in each case,
2-PyCOOCH 3-PyCOOCH 4-PyCOOCH twice the overall standard deviation of the mean and include

25380 38 2592154 25357 83 the uncertainties in calibration and in the values of auxiliary
25375.17 25216.61 25346.13 quantities. To derive\{H; (cr,l) from A_H (cr,l) the standard
25376.34 25253.93 25324.35 molar enthalpies of formation of 4@(I) and of CQ(g) atT =
25413.21 25218.28 25356.39 298.15 K, —(285.830+ 0.042) kdmol~123 and —(393.51+
25385.84 25235.93 25351.23

0.13) kdmol~33 respectively, were used. Values of the standard

25387.88 25239.59 25346.81 . . g
AT molar enthalpies of vaporizatiom\*H;,, at T = 298.15 K,
2538654 5.7 25531.%96.0 25347 14 5.0 measured using Calvet microcalorimetry, are given in Table 4,

where the assigned uncertainties are twice the standard deviation

measurements is adequately described by the equaijsRa) of the mean.
= 0.01 + 0.0025¢/Pa), and the workable temperature and  The fusion temperatures were taken as DSC onset tempera-

pressure ranges are (243 to 413) K and (0.4 to 133) Pa,tures. For each fusion peak, six integrations were performed in

respectively. order to get the enthalpy of fusion. Table 5 displays the results
obtained for each compound. There, the uncertainty associated
Results and Discussion to each calorimetric result represents twice the standard deviation

of the mean of at least six results.

The vapor pressures of 2-PyCOO&ahd 3-PyCOOCkiwere
measured above the crystalline as well as above the liquid phase.
The supercooling of both liquids allowed measurements at the
same temperature on both the crystalline and the metastable
liquid phase over temperature intervals greater than 10 K. The
vapor pressures of 4-PyCOOgkere measured only above
the liquid phase. The experimental results of the vapor pressures
listed in Tables 6 to 8 were fitted by the Clarke and Glew
equation (eq 2):

ALGn(0) 1 1
Rin(2) = - =2 4 ASHYO)(Z — =) +
AU(IBP) = —{eey + AMH,0)c,(H,0, I) + €} AT,q + o0 0 NG T T

AU(ign.) (1) Agdcg‘m(e)[(_lg_) - 1+In(g)] %)

The individual results of all combustion experiments, together
with the mean value and its standard deviation of the mean, wherep is the vapor pressurgl is a selected reference pressure
are given for each compound in Table 2. Table 3 lists the derived (in this work we tookp? = 1C° Pa), 6 is a selected reference
standard molar energies and enthalpies of combustigdy, temperature (in this work we togk= 298.15 K),Ris the molar
(cr)) and AH?(cr,l), respectively, and the standard molar gas constantR = 8.314472 K~1-mol™?), AgdGOm is the
enthalpies of formation of the compounds in the condensed difference in molar Gibbs energy between the gaseous and the
phase,AHg (cr,l), at T = 298.15 K. In accordance to the crystalline or liquid phases (condensed phase) at the selected

The results for a typical combustion experiment of each one
of the three compounds are given in Table 1. In this table,
Am(H,0) is the deviation of the mass of water added to the
calorimeter from the mass assigned &bcal), 2900.0 gAUsx
is the correction to the standard statéejs the energy of the
bomb contents after ignitionAT,g is the temperature rise,
corrected for heat exchange and the energy of stirringAdugh.
is the energy of ignition. The samples were ignited at 298.15
K, and the energy associated to the isothermal bomb process
AU (IBP), was calculated from eq?t wherecy(H20, 1) is the
heat capacity of liquid water:
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Table 6. Experimental Data on Vapor Pressures of 2-PyCOOCH!

Table 8. Experimental Data on Vapor Pressures of 4-PyCOOCE!

T/IK p/Pa Ap/Pa TIK p/Pa Ap/Pa T/IK p/Pa Ap/Pa T/IK p/Pa Ap/Pa
Crystalline Liquid Liquid Liquid
278.20 0.582 0.001 293.12 3.570 -0.012 273.26 2.588 —0.019 298.13 24.27 —0.04
278.20 0.580 —0.001 293.13 3.566 —0.019 273.26 2.588 —0.019 298.14 24.28 —0.05
280.68 0.794 —0.003 298.15 5.628 0.038 275.74 3.349 0.016 300.63 29.60 -—0.05
280.67 0.793 —0.003 298.15 5.601 0.011 275.74 3.323 —0.010 300.63 29.61 —0.04
283.16 1.086 0.000 303.15 8.522 —0.026 278.22 4.243 0.006 303.12 35.95 -0.04
283.15 1.087 0.002 303.15 8.506 —0.042 278.23 4.253 0.012 303.13 35.97 -0.05
285.65 1.476 0.003 308.08 12.80 0.01 280.71 5.373 0.010 305.62 43.47 —0.07
285.65 1.472 —0.001 308.11 12.79 —0.03 280.71 5.383 0.020 305.63 43.48 —0.10
288.14 1.988 0.001 313.12 19.19 0.19 283.19 6.753 0.006 308.09 5219 -0.16
288.15 1.989 —0.001 313.13 19.16 0.15 283.19 6.753 0.006 308.09 5219 -0.16
290.65 2.682 0.010 318.09 27.71 0.06 285.66 8.443 0.004 310.59 62.66 —0.18
290.63 2.681 0.015 318.09 27.63 —0.02 285.66 8.443 0.004 310.60 62.70 —0.19
Liquid 288.16 10.54 0.01 313.07 7495 —0.09
27321 0510 0003 32305  39.68 0.01 28816 1054 0.01 81307 7490 —0.14
_ 290.65 13.08 0.01 315.54 89.24 0.01
273.21 0.505 0.002 328.04 56.28 0.02
290.65 13.08 0.01 315.56 89.34 —0.01
278.18 0.860 0.008 328.04 56.32 0.06
293.15 16.15 0.00 318.03 106.2 0.3
278.18 0.856 0.004 333.01 78.70 0.03
293.16 16.17 0.00 318.03 106.2 0.3
283.15 1.403 0.001 333.02 78.76 0.04
_ 295.65 19.90 0.02 320.52 125.6 0.4
283.16 1.399 0.004 337.99 108.8 0.0 205.65 19.90 0.02 320.52 125.6 04
288.13 2.242 —0.020 337.99 108.8 0.0 ' ’ ’ ' ' ’
288.14 2.246 —0.018 340.47 127.0 —-0.2 .
aA_p =P ~ Pealc, wherepc_a|C |s_calculated from the Clarke and Glew
aAp = P — Peals Wherepearc is calculated from the Clarke and Glew equation with parameters given in Table 9.

equation with parameters given in Table 9.

Table 7. Experimental Data on Vapor Pressures of 3-PyCOOCE?

TIK p/Pa Ap/Pa TIK p/Pa Ap/Pa
Crystalline Liquid
273.23 0.651 0.001 298.14 18.19 0.03
273.23 0.658 0.008 298.15 18.19 0.02
278.20 1.228 —0.002 303.13 27.15 —0.06
278.20 1.214 —0.016 303.13 27.12  —0.09
283.18 2.269 —0.004 305.12 31.86 0.03
283.19 2.282 0.006 305.13 31.88 0.03
283.19 2.271 —0.005 307.11 37.12 —0.01
288.16 4.060 —0.048 307.11 37.09 —0.04
288.16 4.076 —0.032 309.10 4310 -0.10
293.16 7.318 0.036 309.10 43.06 —0.14
293.16 7.304 0.022 311.07 50.20 0.13
298.14 12.70 0.08 311.08 50.06 —0.05
298.16 12.69 0.05 313.07 58.17 0.15
303.14 21.60 0.11 313.08 58.17 0.10
303.14 21.59 0.10 315.06 67.22 0.19
308.10 35.86 0.09 315.07 67.04 —0.04
308.11 35.87 0.06 317.04 77.07 -—0.13
310.60 45.66 —0.28 317.05 7715 -0.11
310.61 45.95 —0.04 318.08 83.17 0.10
310.61 45.57 —0.42 318.11 83.30 0.05
319.09 88.86 —0.04
319.09 88.86 —0.29
321.08 102.0 -0.3
321.08 103.0 0.7
323.09 117.7 0.5
323.09 117.7 0.5
324.06 124.7 -0.4
324.06 124.6 -0.5
AAP = P — Peale Wherepealc is calculated from the Clarke and Glew

equation with parameters given in Table 9.

characteristics of ideal gas at the presspie A dHO is the

condensed phase, amcgdco is the difference between the

Table 9. Sublimation and Vaporization Results atT = 298.15 K

and p° = 10° Pa
ALGh A¢H A?dcg,m

compound phase -mhol~? kJFmol~*  FK~mol™!
2-PyCOOCH crystalline 239837 81.79+0.14 —412
2-PyCOOCH liquid 24274+3 64.06+:0.04 —86+3
3-PyCOOCH crystalline 22253t5 80.11+0.13 —41+ 16
3-PyCOOCH liquid 21351+ 4 61.2+0.21 —-107+15
4-PyCOOCH crystalline 75.40.3 —412
4-PyCOOCH liquid 20626+ 5 59.37+£0.02 —112+3

aAgdCO estimated according to the value derived for 3-PyCO@CH
from eq 2 fitting.? Estimated from the above value of the enthalpy of
vaporization and from the value of the enthalpy of fusion presented in Table

5.

Table 10. Derived Standard p° = 0.1 MPa) Molar Enthalpies of

Formation, at T = 298.15 K

compound AiHy (cr, 1) AcrigHm, AsH(9)
2-PyCOOCH(l) —272.9+18 64.06+:0.04 —208.8+1.8
3-PyCOOCH(cr) —294.2+2.0 80.11+0.13 —214.1+2.0
4-PyCOOCH(I) —278.3+1.8 59.37+0.02 —218.9+1.8

aValues in kdmol1.

adjusted for the temperature of fusion using the heat capacity
values presented in Table 9. The so derived values for the
enthalpies of fusion are in excellent agreement with the values
obtained by DSC attesting the reliability of the enthalpies of
vaporization and of sublimation derived from the vapor pressure
measurements. So these values were selected instead of those
obtained from Calvet microcalorimetry for the enthalpy of
vaporization of the ortho and para isomers, which are respec-
reference pressure (the gaseous phase is supposed to havgely (3 and 6) kdmol1 higher than the values derived from
vapor pressure measurements. The standard molar enthalpies
difference in molar enthalpy between the gaseous and theof formation, in both the condensed and gaseous phases, and
the selected values of the enthalpies of sublimation or vaporiza-
heat capacities of the perfect gas and of the condensed phasdion for the three compounds are summarized in Table 10.

The parameters of the Clarke and Glew equation are presented The enthalpy of sublimation at the temperature of fusion of

in Table 9. From the vapor pressure equations the temperaturehe para isomer was estimated from the enthalpy of fusion
and the pressure of the triple points of the ortho and meta obtained from DSC measurements and from the value of the
isomers were derived. These values are presented in Table %enthalpy of vaporization adjusted to the temperature of fusion,
together with the values of the enthalpies of fusion derived from using the liquid heat capacity value presented in Table 9. The
the values of enthalpies of vaporization and of sublimation enthalpy of sublimation at the temperature 298.15 K, presented
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Table 11. Comparison of Values of Enthalpy of Formation, in the
Gaseous State, afl = 298.15 K, Measured in This Work with
Literature Values

compound AsH; (9)/kdmol—t X increment/kdmol~*

Py 140.44 0.7

2-PyCOOH —243.0+ 2.6 —383.4+ 2.7
3-PyCOOH —221.54+1.5'8 —361.9+ 1.7
4-PyCOOH —234.8+ 4.7 —375.2+ 4.8
2-PyCOCH —41.3+2.94 —181.7+ 3.0
3-PyCOCH —35.24 2.8 —175.6+ 2.9
4-PyCOCH —36.2+ 2.0 —176.6+ 2.1
2-PyCOOCH —208.8+ 1.8 —349.2+1.9
3-PyCOOCH —214.1+ 2.7 —354.5+ 2.1
4-PyCOOCH —218.9+ 1.8 —359.3+ 1.9
Bz 82.6+ 0.7%4

BzCOOH —294.142.284 —376.7+ 2.3
BzCOCH; —86.74+ 1.7%4 —169.3+ 1.8
BzCOOCH —276.14+ 4.0°5 —358.7+ 4.1
aThis work.

Table 12. Enthalpic Increments for the Methylation of the Pyridine
Carboxylic Acid Isomers and of Benzoic Acid

-CH;
increment/
compound AHP(g)/kFmol~t kJ-mol~t
2-PyCOOCH)/2-PyCOOH —(208.8+ 1.8p/—(243.0+ 2.6) 34.2+ 3.2
3-PyCOOCH/3-PyCOOH —(214.1+ 2.0f/—(221.5 1.5}8 7.4+ 25
4-PyCOOCH/4-PyCOOH —(218.9+ 1.8/—(234.8+ 4.7¢  15.9+5.0
BzCOOCH/BzCOOH —(276.14 4.085—(294.1+ 2.2 18.0+ 4.6
aThis work.

in this table, was then calculated using the estimated crystalline
heat capacity for this compound.

Conclusion

The results for the enthalpies of formation reported in the
present work for the methylpyridine carboxylate isomers are
listed in Table 11 together with the values available in literature
for the pyridine carboxylic acid and acetylpyridine isomers as

well as the values for benzoic acid, acetylbenzene, and meth-

ylbenzoate. This table also includes the enthalpic increments
for the substitution of the functional groups % —COOH,
—COCH;s, and —COOCH; on the pyridine (Py) and benzene
(Bz) molecules. There is evidence of a similar trend and
magnitude on the relative variations of the gaseous standar
molar enthalpies of formation of pyridine derivatives isomers
comparatively with the correspondent benzene derivatives.
The energetic contributions of the functional gret8OOCH;,
as meta or para substituent on the pyridine ring, compared with
the effects observed for identical substitutions-@2OOH and
—COCH;, show a parallel tendency for the different isomers;
however, the effect of the-COOCH; substitution in ortho
position reveals a relative small destabilization of the isomer
that is probably due to the steric hindrance of a bulky group

located at a carbon adjacent to the heteroatom on the pyridine

ring. Indeed, the extended electron delocalization between
the aromatic ring and the groupCOOCH;, may be unfavorably
affected by the interaction of the lone pair of electrons on the
nitrogen.

From our work, it was also possible to calculate the enthalpic
increments for the methylation of the pyridine carboxylic acid
isomers, which are summarized in Table 12, along with the
enthalpic increments for the methylation of benzoic acid.
Recently, Roux et & reported an enthalpic increment of (18.0
+ 4.6) kImol~! for the methylation of benzoic acid, which is
in good agreement with the increment for the dimethylation of
pyridine-2,6-dicarboxylic acié? The present results point to a

similar increment for the methylation of 4-pyridine carboxylic
acid and to a higher increment for the methylation of 2-pyridine
carboxylic acid. This should reflect the effect of the intramo-
lecular hydrogen bond in 2-pyridine carboxylic acid described
by Shahawy et al® on the basis of theoretical SCEI
calculations.
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