J. Phys. Chem. R007,111,1713-1720 1713

Energetics of C-F, C—CI, C—Br, and C—I Bonds in 2-Haloethanols. Enthalpies of
Formation of XCH,CH,OH (X = F, ClI, Br, I) Compounds and of the 2-Hydroxyethyl
Radical

Carlos E. S. Bernardes and Manuel E. Minas da Piedade*

Departamento de Qmica e Bioqimica, Faculdade de Cieias, Unversidade de Lisboa,
1649-016 Lisboa, Portugal

Luisa M. P. F. Amaral, Ana |I. M. C. L. Ferreira, and Manuel A. V. Ribeiro da Silva

Centro de Imestiga@o em Qumica, Departamento de Quica, Faculdade de Cieias, Unversidade do
Porto, Rua do Campo Alegre, 687, 4169-007 Porto, Portugal

Herminio P. Diogo

Centro de QUmica Estrutural, Complexo Interdisciplinar, Instituto Supericrchio,
1049-001 Lisboa, Portugal

Benedito J. Costa Cabral

Departamento de Qmica e Biogimica, Faculdade de Cieias, Unversidade de Lisboa, 1649-016 Lisboa,
Portugal, and Grupo de Bica Mateméca da Uniersidade de Lisboa, /A Professor Gama Pinto 2,
1649-003 Lisboa, Portugal

Receied: Nawember 15, 2006; In Final Form: December 18, 2006

The energetics of the -€F, C—CI, C—Br, and C-1 bonds in 2-haloethanols was investigated by using a
combination of experimental and theoretical methods. The standard molar enthalpies of formation of 2-chloro-,
2-bromo-, and 2-iodoethanol, at 298.15 K, were determinedbf;(CICH,CH,OH, I) = —315.5+ 0.7
kJmolt, AHS (BrCH,CH,OH, ) = —275.8 + 0.6 kImol%, AH(ICH,CH,OH, I) = —207.3+ 0.7
kJ-mol™, by rotating-bomb combustion calorimetry. The corresponding standard molar enthalpies of
vaporization,AyaHp,(CICH,CH,OH) = 48.32 + 0.37 kdmol™, AyaH(BrCH,CH,OH) = 54.08 + 0.40
kJmol™%, and AvaHp(ICH.CH,OH) = 57.03 + 0.20 kdmol™ were also obtained by Calvet-drop
microcalorimetry. The condensed phase and vaporization enthalpy data |Agd #€CICH,CH,OH, g) =
—267.2+ 0.8 kImol™, AsHy (BrCH,CH,OH, g) = —221.7+ 0.7 k3mol~%, and AH(ICH.CH,OH, g) =
—150.34+ 0.7 kImol™1. These values, together with the enthalpy of selected isodesmic and isogyric gas-
phase reactions predicted by density functional theory (B3LYP/cc-pVTZ) and CBS-QB3 calculations were
used to derive the enthalpies of formation of gaseous 2-fluoroethadd],(FCH,CH,OH, g) = —423.6+

5.0 k3mol~%, and of the 2-hydroxyethyl radical\H;(CH,CH,OH, g) = —28.7 &+ 8.0 kImol™. The
obtained thermochemical data led to the following carbbalogen bond dissociation enthalpid3H(X —
CHCH,OH) = 474.4+ 9.4 kdmol™* (X = F), 359.9+ 8.0 k3mol* (X = Cl), 305.0+ 8.0 kImol™* (X =

Br), 228.74+ 8.1 k¥mol™* (X = I). These values were compared with the correspondind Gond dissociation
enthalpies in XCHCOOH, XCHs,, XC,Hs, XCH=CH,, and XGHs. In view of this comparison the
computational methods mentioned above were also used to abtdfl{FCH,COOH, g)= —594.0+ 5.0
kJ-mol~* from which DH(F—CH,COOH) = 435.4+ 5.4 k}mol™. The ordeDH°(C—F) > DH°(C—CI) >
DH(C—Br) > DH°(C—I) is observed for the haloalcohols and all other RX compounds. It is finally concluded
that the major qualitative trends exhibited by theXCbond dissociation enthalpies for the series of compounds
studied in this work can be predicted by Pauling’s electrostatic-covalent model.

Introduction possible palliative agents, a large body of reliable enthalpy of

! o : -
The energetics of halogenated hydrocarbons and their derivaformation, A, and blond dissociation enthal@HO(C—X)
(X =F, Cl, Br, ), data is necessafy.A survey of some major

tives has been a topic of considerable interest in recent years ’ - ;
due, in particular, to the impact of chlorofluorocarbons (CFCs) databasés® immediately reveals, however, that the available
in the depletion of stratospheric 0zohd. To rationalize the ~ experimentalAH;, and DH(C—X) values for halogenated
mechanisms of these processes and the effectiveness of variouBydrocarbons are scarce, and frequently of poor accuracy, a
situation that does not show a tendency for improvement
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have the equipment and the know-how to determine enthalpiesNMR (400 MHz, CDCYTMS): 6 = 3.832-3.869 (m, 2-H)p

of combustion of haloorganic compounds. This lack of data can, = 3.635-3.672 (m, 2-H), and = 2.432-2.433 (m, 1-H). The

in principle, be supplemented by using empirical estimation obtained'H NMR results are in accordance with those published
schemes or quantum chemistry methd#mwever, an accurate  in a reference databa3tNo impurities were detected by GC
and as large as possible body of reliable experimental valuesMS.

including molecules with a variety of chemical structures and  2-Bromoethanol: n2° = 1.491 + 0.003 (the uncertainty

bond combinations is always required to evaluate the predictionscorresponds to the standard deviation of the mean of seven

of these methods and, in the case of empirical schemes, it isindependent determinations). This result is in agreement with
also needed to obtain the bond or group contributions used inthe valuen?® = 1.4915 recommended in the literatdtelH

the estimate®.! This, and the fact that some haloethanols have NMR (400 MHz, CDCYTMS): & = 3.892-3.928 (m 4-H) and
recently been suggested as possible replacements for €FCs, 5 = 3.519-3.555 (m 1-H). These results are in good agreement
were among the reasons that prompted us to obtain thewith those recommended in the literatdféNo impurities were
enthalpies of formation of 2-chloro, 2-bromo, and 2-iodoethanol detected by GEMS.

in the liquid and gaseous states using combustion calorimetry 5 _|oqoethanol:n2° = 1.571+ 0.004 (the uncertainty corre-
and Calvet-drop vaporization calorimetry. These values, togetherspondS to the standard deviation of the mean of seven
with the enthalpy of selected isodesmic and isogyric gas-phasejygependent determinations). This result is in agreement with
reactions predicted by density functional theory (B3LYP/cC- 1o valuen?® = 1.57133 recommended in the literaturéd
pVTZ) and the CBS-QB3 methods were then used to derive \\R (400 MHz, CDCKTMS): o = 3.768-3.813 (m 4-H) and

the enthalpy of formation of gaseous 2-fluoroethanol, which s — 3 535 3 230 (m 1-H). No impurities were detected by
could not be experimentally obtained due to the lack of a sample g~_pg '

with the high purity required by the calorimetric measurements.
Another motivation of this work concerns the influence of
the OH group in the €X bond dissociation enthalpy. Hence,
the obtained\{H?,(XCH,CH,OH, g), together with B3LYP/cc-
pVTZ and CBS-QB3 results for the enthalpies of isodesmic and
isogyric reactions (an isodesmic reaction is one in which the
number of chemical bonds of each formal type, e.g-Hand

Several attempts were made to obtain a fluoroethanol sample
with the purity required by the calorimetric experiments, but
GC—MS analysis of the purified samples always revealed
impurity contents larger than 2%.

Combustion Calorimetry. The standard enthalpy of com-
bustion of 2-chloroethanol was determined using the isoperibol
rotating-bomb combustion calorimeter previously described. The

C=C, does not change, and in an isogyric reaction the numberbomb was platinum lined and had an internal volume of 0.337
of electron pairs is also conservéd were used to propose a dm?25-27 The combustion experiments with 2-bromo- and

value for the enthalpy of formation of the gaseous 1-hydroxy- 2-iodoethanol were performed in another isoperibol rotating-

ethyl radical, which is also relevant for combustion and bomb combustion calorimeter with a platinum lined bomb of
tmospheric chemistAy;16and whose reported experimental an . .
atmospheric chemistry;*®and whose reported experimental and 0.258 dnt internal volume?®-3° The energy equivalents of both

predicted data span a range of 39.8nkdl . 7** Based on calorimeters were determined, in the conventional way, without
the selected value, it was possible to obtain theXCbond bomb rotatior~34 from the combustion of benzoic acid (NIST

dissociation enthalpies in 2-fluoro-, 2-chloro-, 2-bromo-, and .
2-iodoethanol, and to compare the energetics of these bondsSR'vI 39i, BCS-CRM 190, or BCS-CRM 190r).

with the similar ones in XCHCOOH, XCHs, XCoHs, XCHo- In the case of 2-chloroethanol a sample with a mass in the

Cl, XCH=CH,, and XGHs compounds. range 0.827271.00609 g was sealed in a Melinex bag (mass:
0.04774-0.06722 g) and placed in a platinum crucible together

Materials and Methods with 0.139906-0.20028 g oh-hexadecane (Aldrich, Gold Label)

that served as a combustion auxiliary. The crucible was

General Information. Refractive indexes relative to the supported by a platinum ring inside the bomb. The total mass
sodium D line at 589 nm were measured at 293.15 K with a of the crucible and the ring was 11.7 g. A platinum wire of
CETI Abbe type digital refractometer. GBS experiments  diameter 0.05 mm (Goodfellow, mass fraction: 0.9999) was
were performed on an Agilent 6890 gas chromatograph coupledfastened between the ignition electrodes. A cotton thread fuse
to an Agilent 5973N mass detector. The transfer line, ion source, of empirical formula CH ggdo.843(mMass: 2.59-3.17 mg) was
and quadrupole analyzer were maintained at 553, 503, andtied to the platinum wire. The sample, Melinex baug,
423 K, respectively. A TRB-5MS capillary column from Agilent  hexadecane, fuse, crucible, and ring were weighed with a
(5% diphenyl/95% dimethylpolysiloxane; 30 m0.25 mmi.d.,  precision of+1075 g in a Mettler AE 240 balance. The crucible
0.25um dr) was used. The carrier gas was helium maintained was adjusted to the bomb head and the fuse was placed in
at a constant pressure of 1.19 bar. The temperature of the injectogontact with the sample, without touching the crucible walls.
was set at 473 K and the oven temperature was programmed a@fter the introduction of 20.00 cfof a 0.09016 mobm—2

follows: 373 K (3 min), ramp at 5 Knin™, 513 K (5 min). ~ As,05 aqueous solution inside the bomb, the bomb was closed
The!H NMR spectra were o_btalned at ambient temperature, in and purged twice by charging it with oxygen at a pressure of
CDCls, on a Bruker Ultrashield 400 MHz spectrometer. 1.01 MPa and then venting the overpressure. The oxygen

Materials. 2-Chloroethanol (Aldrich, 99%), 2-bromoethanol  pressure inside the bomb was increased to 3.04 MPa and the
(Aldrich, 95%), and 2-iodoethanol (Aldrich, 99%) were distilled bomb was transferred to the inside of the calorimeter proper.
twice at 100 Pa and 308 K. The colorless liquids obtained were The electrical connections of the firing circuit were attached to

stored in the dark, inside Schlenk tubes under dd Ar the bomb head, and the calorimeter proper was filled with an
atmosphere prior to use. The analytical data obtained for the amount of distilled water as close as possible to the average
samples are as follows. mass of water used in the calibration experiments (5217.0 g).

2-Chloroethanol: n?0 = 1.442 4+ 0.001 (the uncertainty = The water added to the calorimeter proper in each experiment
corresponds to the standard deviation of the mean of sevenwas weighed to+0.1 g in a Mettler PC 8000 balance.
independent determinations). This result is in agreement with Calorimeter temperatures were measuree-i®* K using a
the valuen?® = 1.4419° recommended in the literaturé Hewlett-Packard (HP2804A) quartz thermometer. The duration
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TABLE 1: Energies and Enthalpies of Combustion, Enthalpies of Vaporization, and Enthalpies of Formation of 2-Chloro-,
2-Bromo-, and 2-lodoethanol, at 298.15 K

compound —Alrgt —AHy/kFmol ! —AsHp (I)/kImolt AvagH? /kFmol? —AH? (g)/kImol!
CICH,CH,OH 15011.1+ 1.9 1209.8+ 0.6 315.5+ 0.7 48.32+ 0.37 267.2£ 0.8
BrCH,CH,OH 9623.5+ 1.4 1203.8: 0.5 275.8+ 0.6 54.08+ 0.40 221.+ 0.7
ICH,CH,OH 7515.6t+ 2.4 1294.3+ 0.6 207.3+- 0.7 57.03+ 0.20 150.3+ 0.7

of the fore, main, and after periods was 20 min each. Discharge Computational Details. Density functional theory (DFT) and

of a 1400uF capacitor through the platinum wire referred to complete basis set extrapolation procedures (CBS) were applied
above ignited the cotton thread fuse and subsequently theto predict thermochemical properties for the systems of interest.
sample. For each experiment the ignition temperature wasIn DFT the total energiesH) are obtained fror?

chosen so that the final temperature would be close to 298.15

K. The rotation of the bomb was started when the temperature E=Vy+ HCORE V. .+ E[p] + Eclpl (1)

rise of the main period reached about 0.63 of its total value
and was continued throughout the experiment. It has been shown . . . .
that by adopting this progcedure, thepfrictional work due to the WhereVN_N IS the_nuc_learnuclear |nteract|or1,-|(_30RE|s_a mono-
rotation of the bomb is automatically accounted for in the e_Iect_ronlc contribution to th_e total energy, |_nclud|ng_electron
calculation of the adiabatic temperature 1188 The HNO; kinetic and electrorrnuclear interaction energies, avigkis the

formed from traces of atmospherig Mmaining inside the bomb Coulombic interaction between the electrons..The teIEs.d&].
was analyzed by the Devarda’s alloy meti#dd. andEc[p] represent the exchange and correlation contributions,

The general procedures followed in the combustion of which are functionals of the electron dengityDFT calculations
2-bromo- and 2-iodoethanol were similar to those described for V'€, performgd V.V'th the hYbr'q B3LYP exc,hange correlation
2_chloroethanol. In the case of 2-bromoethanol 25.06 ofn funct!onal, which is a combination of Becke’s three-parameter
0.09016 motim—3 As,03 aqueous solution were placed inside fynctlfonalt_(BS)l‘G a:l?hthe he‘?t’ \_(ankg, and I:f?r: (Eﬁborr?? d
the bomb. The presence of the arsenious oxide solution insured'on functional. ougn 1t 1s known that DT methods
that all X; (X = Cl, Br) formed in the combustion was reduced systgmatlcally.unqlerestlmate homolytic b.°’?d dissociation en-
to aqueous HX840 Because mixtures of Xand HX of variable thalples‘}é appllca_tlo_n of DFT to t_he prediction d.DHO data
composition are always formed in the combustion of chlorine through isodesmic/isogyric reactions, as done in the present

or bromine organic compounds this method enabled us to vyork, may overcome Fhese Iimi'gations. Full geometry aptimiza-
simplify the analysis of the final stat8In the experiments with tions haye beeq carried out with ti,1e cc-pVTZ basis'Set
2-iodoethanol the bomb contained 10.003avha 0.9090 mol Zero-_p0|r_1t vibrational energies (ZPE's) gnd thermal energy (TE)
dm2 Kl aqueous solution to achieve a quantitative conversion contributions were taken into account in the calculation of the
of the |, formed in the combustion tg; (ag)“L Although only enthalpies qf all species at 298.15 K. Thg obtalngd frequencies
elemental iodine is found in the combustion products of organo- are harmonic and were not scaled. Empirical scaling factors are

iodine compound@ the use of the potassium iodide solution usually introduced to correct for deviations from (lower)

eliminates the uncertainty in the determination of the final state experimental anharmonic frequencies. However, the scaling
S y ; factors are dependent on the theoretical method and basis set
due to the distribution of,lJamong solid, aqueous, and gaseous

phased! The extent of the reactions of the elemental halogens combination. We have, therefore, assumed that the computed

formed in the combustions with the arsenious oxide or potassium harmonic frequencies are sufficiently accurate to estimate the
S ) L . potas ZPE and TE corrections mentioned above.

iodide solutions were found by titrating the final bomb solutions Comblete basis set extranolation calculations of enthalpies
with sodium thiosulphate (0.1000 nerin—3).37 P P P

Calvet Drop Calorimetry. The enthalpies of vaporization of of reaction were carried out with the CBS-QB3 composite
P 1etry. P P - method®253The importance of applying CBS procedures to the
chloro-, bromo-, and iodoethanol were measured by using an

. X . . . calculation of thermochemical properties is related to the fact
electrically calibrated Calvet drop microcalorimeter previously L - - . !

. . . that ab initio energies converge slowly with the basis set%Size.
described™® The samples with masses in the ranges 2.5 All the theoretical calculations were performed using the
34.8 mg (CICHCH;0H), 20.4-35.3 mg (BICHCH,OH), and . *' J% 20 T+ ] P 9
20.8-47.2 mg (ICHCH,OH), were weighed to 1x 1076 g uss| programi.
inside a small glass capillary closed by Parafilm tape. The capil-
lary was equilibrated at 298.15 K inside a furnace placed above
the calorimetric cell for ca. 20 min, and dropped into the cell,  The 2005 IUPAC recommended standard atomic masses were
under N atmosphere, after removal of the Parafilm tape. The tem- used in the calculation of all molar quantiti®s.
perature of the cell was also 298.15 K. After dropping, the sam-  Enthalpies of Formation and Vaporization of Chloro-,
ple and reference cells were simultaneously evacuated to 0.13Bromo-, and lodoethanol. Detailed results of the combustion
Pa and the measuring curve corresponding to the evaporationcalorimetric experiments are given as Supporting Information
of the sample was acquired. The enthalpy of vaporization of the and lead to the standard massic energies of combusi@R)(
sample was subsequently derived from the area of the obtainedand the standard molar enthalpies of combustiagHf) of
curve and the calibration constant of the apparatus. No decom-2-chloro-, 2-bromo-, and 2-iodoethanol, at 298.15 K, shown in
position residues were found inside the calorimetric cell at the Table 1. The standard state corrections (Washburn corrections)
end of the experiments. The accuracy of the method was previ-were derived as recommended in the literature for organic
ously checked by determining the standard molar enthalpy of va- compounds containing chlorié?” bromine384°and iodine>®
porization of ethanol at 298.15 K. The obtained reshjg, using the auxiliary data included in the Supporting Information.
H2(CoHsOH) = 42.114 0.25 kdmol ™! (the uncertainty quot-  The uncertainties quoted foAqu° represent the standard
ed is twice the standard deviation of the mean of five determi- deviation of the mean of six individual results and thos&égf
nations) is in good agreement with the valngH,(C;HsOH) Hp, correspond to twice the overall standard deviation of the
= 42.46+ 0.12 kImol~1 44 recommended in the literature. mean, and include the contributions from the calibration with

Results and Discussion
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TABLE %: Experimental and Computed (B3LYP/cc-pVTZ and CBS-QB3) Enthalpies of Reaction at 298.15 K (Data in
kJ-mol~1)

reaction B3LYP/cc-pVTZ A2 CBS-QB3 A? experimental
CICH,CH,OH(g) + CHa(g) = CHsCI(g) + C-HsOH(g) 19.1 5.4 23.2 1.3  24%11
CICHCH,0H(g) + C:Hs(g) = C2HsCl(g) + C:HsOH(g) 2.2 15 2.6 1.1 3.%1.0
CICH,CH,0OH(g) + CH3Br(g) = BrCH,CH,OH(g) + CHsCl(g) 2.1 -3.1 2.6 -36 —-10+16
CICH,CH,0H(g) + C;HsBr(g) = BrCH,CH,OH(g) + C;HsCl(g) -0.1 —4.6 -0.5 —42 —47+22
CICH,CH,0OH(g) + CH;COOH(g)= CICH,COOH(g)+ C,HsOH(g) 29.2 5.6 28.2 6.6 34828
CICH,CH,0H(g) + BrCH,COOH(g)= CICH,COOH(g)+ BrCH,CH,OH(g) -0.5 -0.6 —-4.1 3.0 —-11+35
BrCH,CH,OH(g) + CHa4(g) = CH3Br(g) + C:HsOH(q) 17.0 8.5 20.6 49 25514
BrCH,CH,OH(g) + C;He(g) = CoHsBr(g) + C.HsOH(g) 2.3 6.1 3.1 5.3 8418
BrCH,CH,OH(g) + CHsCOOH(g)= BrCH,COOH(g)+ C;HsOH(q) 29.7 6.1 32.3 35 35841

aA = [AH] (experimental)— AH? (calculated)].

TABLE 3: Computed Enthalpies of Reaction and Enthalpies of Formation of Gaseous Fluoroethanol and Fluoroacetic Acid at
298.15 K (Data in k>mol—2)

B3LYP/cc-pVTZ CBS-QB3
reaction AH —AH(9) AHp, —AH(9)
fluoroethanol
FCH,CH,OH(g) + CH,F5(g) = CHFs(g) + C:HsOH(g) —56.8 421.5+2.9 —55.5 422829
FCH,CH,OH(g) + PhCHs(g) = PhCHF(g) + C:HsOH(g) 9.2 421.2+ 0.9 9.2 421.2£0.9
FCH,CH,OH(g) + CsH12(g) = CeH11F(g) + C-HsOH(Q) —-19.8 428.7+ 1.4 —21.7 426.8+ 1.4
fluoroacetic acid
FCH,COOH(g)+ CH,F(g) = CHF5(g) + CH;COOH(g) -83.3 592.6+ 3.8 -82.7 593.2+ 3.8
FCH,COOH(g)+ PhCH(g) = PhCHF(g) + CH;COOH(q) -17.3 592.3+ 2.7 -18.0 591.6+ 2.7
FCH,COOH(g)+ CsH12(g) = CeH11F(g) + CHsCOOH(Q) —46.3 599.8+ 2.8 —48.9 597.2+ 2.8
benzoic acid, from the energy of combustion of Melinex, and H? (CICH,CH,OH, I) = —1214.04 1.2 kdmol~! at 298.15 K,
from the n-hexadecane used as combustion auxilt&fy.The a value that is close to the result obtained in this work (Table
Aqe and AgH?, values refer to the reactions: 1), although not within the uncertainty interval. These authors
also mention that the shaking bomb method used by Popoff
CICH,CH,0H(l) + 2.50,(g) + 598H,0(I) — and Shirokich tends to give less exothermic enthalpies of
2CQO,(g) + HCI-600H,0(l) (2) combustion for organochlorine compounds with high CI con-
tent83
BrCH,CH,OH(l) + 2.50,(g) + 598 H,O(l) — In 1926, Matheu®¥ reported AyaHp(CICH,CH,OH) =

2C0,(g) + HBr-600H,0(l) (3) 41.424 0.038 kdmol~1 at 399.7 K. Conversion of this result to
298.15 K usingC; ,,(CICH,CH,OH, I) = 142.5 K~ mol~* €6
ICH,CH,OH() +2.750(9) — and C;,(CICH,CH,OH, g) = 74.8 K mol * (B3LYP/cc-
pVTZ) leads toAyaHy(CICH,CH,OH) = 48.3 kdmol™! in
2C0,(g) + 2.5H,0(1) + 0.51(cr) (4) good agreement Withn'ghe value obtained in this work. Finally,
from the parameters of Antoine’s equation reported by Sl

and lead to the enthalpies of formation of the alcohols in the  jascribe the vapor pressure of CICHH,OH in the range

liquid state indicated in Table 1, by usinyHy(COz 0) = 69,0-401.9 K, itis possible to derivayaHS(CICH,CH,OH)
—393.51+ 0.13 kdmol™*® AH(H20, I) = —285.830+  — 45 4 k3mol* at 298.15 K, which is 1.7 kdhol 2 lower than
0.040 kdmol1,8 AHO(HCH600HO, I) = —166.540+ 0.005  the result in Table 1.

— (0] j—
kJmol™%,%96and AHp(HBr-600H0, ) = —120.924+ 0.005 The enthalpies of formation of CIGEH,OH and BrCH-

kJmol~1.81 Note that, according to normal combustion calo-
rimetry practice, aqueous solutions containing 600 mol gD H _ o _
per 1 mol of HCI or HBr were used as reference states for the _74'4jE6 0.4 okJmoI o Afl-k“(CZHG’ g) = ~838 i 60'3
halogenated products in egs 2 and 3. Also indicated in Table 1 k\imol > AtHp(CHsOH, g) = —235.2+£ 0.3 k‘]”lm » A
are the enthalpies of vaporization of the halogenated alcoholsHm(CHsCOOH, g)= —432.8+ 2.5 kdmol™,% AfHp (CHsCI,
obtained by Calvet drop calorimetry, which together with the 9) = —81.94 0.5 kdmol™15 AH(CHsCl, g) = —112.1+
correspondingA\H(1) lead to the enthalpies of formation of 1.1 kdmol~% AH{(CICH,COOH, g) = —430.0 + 1.0 kJ
CICH,CH,OH, BrCH,CH,OH, and ICHCH,OH in the gaseous ~ mol~1,586% AH"(CH3Br, g) = —35.4 £ 1.1 kdmol™15 As
phase (Table 1). H? (CoHsBr, g) = —61.9 + 1.6 kdmol~1,% and A¢H; (BrCH,-

To the best of our knowledge the enthalpies of combustion COOH, g)= —383.54 3.1 kdmol~1,688° were used to calc-
of 2-bromo- and 2-iodoethanol in the liquid state have never ulate the enthalpies of the isodesmic and isogyric reactions in
been determined, and theH;, values reported for 2-chloro-  Table 2. Also indicated in that table are the corresponding values
ethanot283(which are not mentioned in major thermochemical obtained by the B3LYP/cc-pVTZ and CBS-QB3 methods and
compilations§-"64 are essentially of historical value. In 1933 the deviations\ = [A/H; (experimental)- AH? (calculated)].
Popoff and Shirokich proposedH,(CICH,CH,OH, I) = These results are based on the gauche conformations of the
—1191.4 + 1.2 kdmol™* at 288 K, on the basis of four haloalcohols (Figure 1) which, according to both methods, are
combustion experiments performed with a shaking bomb the most stable, in agreement with results from infrared
combustion calorimeté? A decade later, using a rotating- spectroscopy and electron diffraction studi&g® It can be
bomb combustion calorimeter, Smith and Sunner repoffgd  concluded that the computational chemistry methods used in

CH,OH in Table 1, in conjunction withAH> (CHs, g) =
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TABLE ff: Enthalpies of Isodesmic Reactions and Enthalpies of Formation of the 2-Hydroxyethyl Radical, at 298.15 K (Data in
kJ-mol~1)

B3LYP/cc-pvVTZ CBS-QB3
reaction AH, AHC (CH,CH,0H) AH, AH,(CH,CH,OH)
CzHsOH(g) + CHa(g) — CHa(g) + CH.CH:OH(g) -17.7 ~31.8+0.6 ~11.6 —25.7+ 0.6
CsH70H(g) + CHa(g) — C-He(g) + CH.CH.OH(Q) -11.6 —36.2+ 0.6 -11 —25.7+ 0.6
CICH,CH,OH(g) + C:Hs(g) — CIC:Hs(g) + CH.CH.OH(g) 4.4 —31.7+2.4 6.5 —29.6+2.4
CICH,CH,OH(g) + CHa(g) — CH:Cl (g) + CH.CH.OH(g) 1.4 —-37.2+1.0 11.6 —27.0+ 1.0
BrCH,CH,OH(q) + CoHs(a) — C:HsBr(g) + CH.CHOH(q) 4.5 —36.3+ 2.7 7.0 —33.84 2.7
BrCH,CH,OH(g) + CHs(g) — CHsBr(g) + CH.CH,OH(g) -0.7 —40.3+ 1.3 9.0 —30.6+ 1.3

this work reproduce the experimentaH;, data with average  enthalpies of formation of the gaseous haloalcohols in Table 1
and maximum deviations of 2.8 #dol™! and 8.5 kdmol~! together with the enthalpies of formation of ¢Hl), CG:He(Q),
(B3LYP/cc-pVTZ), and 3.7 kdnol~1 and 6.6 kdmol~1 (CBS- C2HsOH(g), CHsCI(g), CHsCI(g), CHsBr(g), and GHsBr(g)
QB3), respectively. This supports the reliability of the theoretical indicated above and\H,(CsH;OH, g) = —255.1 &+ 0.4
results and indicates a good thermodynamic consistency betweerkJ-mol~1% AH;(CHs, g) = 146.7 + 0.3 kImol 183 A;

the standard enthalpy of formation data used to derive the HS(CoHs, g) = 119+ 2 kImol~184 The uncertainties quoted

experimentalAHp, values in Table 2. for AH3(CH.CH,OH) in Table 4 include only the contribu-
Based on the enthalpies of the isodesmic and isogyric tions from the experimental data used in the calculations. It is
reactions in Table 3 computed by the B3LYP/cc-pVTZ and noted in Table 3 that the B3LYP/cc-pVTZ predictions for the
CBS-QB3 methods and ofH{ (CeHsCHs, g) = 50.5+ 0.5 enthalpy of formation of CRCH,OH are always slightly more
kI¥mol=1% AH>(CeHiz g) = —123.3 £ 0.8 kdmol=18 A¢ negative (by 210 kI}mol™1) than found by the CBS-QB3
Ho(CHzF2, g) = —452.3+ 0.9 kdmol=1,% A{H(CHFs, g) = method. The mean results obtained by each methodAare
—695.4+ 2.7 kdmol1,8 A(H® (CeHsCHF, g)= —126.3+ 0.2 H° (CH,CH,OH) = —34.8+ 2.8 kImol~! (B3LYP/cc-pVTZ)
k¥mol=1,7° and A{H?(CeH11F, g) = —336.6+ 1.1 kdmol~1,7° and A¢Hy (CH.CH,OH) = —28.7 + 2.2 k3mol~* (CBS-QB3),
it was possible to derive the enthalpies of formation of gaseous where the assigned uncertainties represent twice the standard
fluoroethanol and fluoroacetic acid (Table 3). Fluoroacetic acid deviation of the mean. The latter value, which corresponds to
had not been included in our previous study of the ener- the higher level theoretical method, with an assumed uncertainty
getics of haloacetic acid8.It is noted that the values ofs of +8.0 kIJmol~! was selected in this work. The previously
Ho (FCH,CH,OH, g) andA¢H;,(FCH,COOH, g) obtained from reported experimental and_ theoretical enthalpies of formation
the various AH, results and the corresponding auxiliary Of the 2-hydroxyethyl radical range from16.7 to —56.5
enthalpy of formation data are in good agreement, indicating kJ:mol™*.31""2> From mass spectrometry results, Takhistov
again a very good thermodynamic consistency between theproposedAH{ (CH.CH,OH) = —29.3 kdmol 11" Appear-
theoretical reaction enthalpies and the experimental stan-ance energy measurements by Holmes et al. leskitty (CH.-

dard enthalpy of formation data. The selected valuesAfor
Ho(FCH.CH,OH, g) = —423.6 +£ 5.0 kImol™! and As
Hp(FCH,COOH, g)= —594.0+ 5.0 kImol~! are averages of

CH,OH) = —56.5+ 12.6 kdmol~1.18 Using the enthalpy of
reaction OH(g)t+ C,H4(g) = C,H4OH(g) reported by Fulle et
al., AH), = —125.24 6.0 kImol~1,2 in conjunction withAg

the CBS-QB3 results in Table 3 with an assumed uncertainty Ho(OH, g) = 37.3 + 0.3 kImol~ 8% and A{H?(CzHa, g) =

of 5.0 kImol™%. The enthalpy of formation of fluoroethanol

52.54 0.3 kImol, it is possible to derive\iH? (CH.CH,-

refers to the gauche conformation, which, as in the case of theOH) = —35.4 £+ 6.0 kIJmol~%. On the basis of an assumed
chloro and bromo derivatives, was found to be the most stable. C—Br bond dissociation enthalpy in bromoethanol of 288&.7
This conclusion is also supported by published results of 8.4 kImol™ and on experimentally determined photoionization
microwave spectroscopy, infrared spectroscopy, and electronthresholds for ethanol and bromoethanol, Ruscic et al. proposed

diffraction studies1:80-82

Enthalpy of Formation of the CH,CH,OH Radical and
X—CH,CH,OH Bond Dissociation Enthalpies.The standard
enthalpy of formation of the C}¥H,OH radical was estimated
according to the following procedure. First, the enthalpy of the
isodesmic and isogyric reactions in Table AH.) were
computed by using the B3LYP/cc-pVTZ and CBS-QB3 meth-
ods. SecondAfHﬂ](CHZCHon, g) was calculated froreach

AfH? (CH,CH,OH) = —36.4 & 8.4 kImol-120 G2 theory
calculations by Curtiss et al. led taHZ(CH,CH,OH) =
—24.7+ 8.4 k3mol~1.22 Finally, Espinosa-Garcia estimatégl

H? (CH.CH,OH) = —16.74 4.2 k3mol~* from the enthalpies

of three isodesmic and one hydrogenation reaction involving
the 2-hydroxyethyl radical calculated at the MP4SDTQ/6-
311++G(2d,p)//IMP2/6-31G(d,p), QCISD(T)/6-3¥15(d,p)//
MP2/6-31G(d,p), CCSD(T)/6-311+G(2d,p)//IMP2/6-31G(d,p),

theoretical result for those reaction enthalpies, by using the and CCSD(T)/cc-pVTZ//IMP2/6-31G(d,p) levels of theory. The

Figure 1. Gauche conformation of the haloalcohols X{&HH,OH.

value recommended in this work-28.74 8.0 kJmol™1) agrees
particularly well with those reported by Takhistow-29.3
kJmol~1)17 and Curtiss et al.£24.7 + 8.4 kImol~1).22

Our selectionsA¢H? (CH,CH,OH, g) = —28.7 + 8.0 kJ
mol~! and AHp (FCHCH,OH, g) = —423.6+ 5.0 k3mol4,
together with the enthalpies of formation of F (79.380.30
kJ-mol=1),%0 Cl (121.3014 0.008 kdmol~1),%° Br (111.87+
0.12 kdmol=1),60 and | (106.76+ 0.04 kimol~1),60 and of the
gaseous haloethanols in Table 1, yield theGH,CH,OH bond
dissociation enthalpies at 298.15 K indicated in Table 5. Also
listed in Table 5 is the valuBH°(F—CH,COOH) = 435.4+
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TABLE 5: R —X Bond Dissociation Enthalpies (Data in
kJ-mol~1)

R X=F X=Cl X =Br X=I
CH,CH,OH 474.4+9.4 359.9£8.0 305.0+£8.0 228.7+8.1
CH,COOH 435.4+5.4 313322 257.4+3.7 202.1+2.7
CHs 463.5+£ 0.4 349.9£0.6 294.0+1.1 239.1+1.4
CoHs 461.6+ 2.1 352.4+23 292.8+-2.6 233.9+3.0
CoHs 517.8+2.6 383.7+3.1 332.3-3.8
CeHs 525.443.7 399.4+ 3.6 336.6£5.3 272.0+6.8

TABLE 6: Reorganization Energies Obtained by the
B3LYP/cc-pVTZ Method (Data in kJ-mol~1)

precursor XR X=F X=Cl X =Br
XCeHs —-3.2 —4.5 —4.4
XCH=CH, -7.3 -9.0 -8.6
XCH,CH,OH —25.3 —24.1 —22.3
XCHjs —27.9 —24.7 —22.6
XC2Hs —26.5 —24.2 —22.3
XCH,COOH —44.6 —45.4 —43.8

5.4 kImol~! obtained fromA{H, (FCH,COOH, g)= —594.0
+ 5.0 kImol~! proposed in this work andH}(CH,COOH,
g) = —238.0 &+ 2.0 kImol~1%8 together with G-X bond
dissociation enthalpy data for other haloacetic acids angkCH
CoHsX, CoH3sX, and GHsX compounds. These were calculated
from literature values cited above anfHZ(CHsF, g) =
—237.4 kdmol~! (estimated§® AHS(CHal, g) = 14.4+ 1.4
kJmol=18 A{H?(CoHsF, g) = —263.24 1.6 kImol™! (esti-
mated)8® AHJ(CoHsl, g) = —8.1 + 2.2 kImol 18 As-
HS (CH,CH, g) = 299.6+ 3.3 k3mol~187 AH(CH.CHF, g)
= —138.8+ 1.7 kImol18 A(HS(CH.CHCI, g)= 37.2+ 1.2
kJmol~18 AH{(CH,CHBr, g) = 79.2 £ 1.9 kImol~18 As
Ho(CeHs, g) = 330.14 3.4 kImol~1,87 A{H? (CeHsF, g) =
—115.9 + 1.4 k3mol 18 AH°(CeHsCl, g) = 52.0 + 1.3
kJmol=18 AH](CsHsBr, g) = 105.5 + 4.1 kImol=15 A¢
Ho(CeHsl, g) = 164.9 + 5.9 kImol-1% and A¢H (ICH,-
COOH, g)= —333.34 1.8 kJmol 16869

Plots of DH(R—X) versusDH(H—X) (X = F, CI, Br, I; R
= CHZCHZOH, CHg, C2H5, C2H3, C6H5, and CI‘&COOH),
obtained from théDH°(R—X) data in Table 5 andH°(H—F)
=570.74 0.8 kImol~1, DH(H—CI) = 431.6+ 0.1 k3mol,
DHO(H—Br) = 366.2+ 0.2 k}mol~%, andDHo(H—1) = 298.3
+ 0.1 kImol3, calculated from literature daf8are indicated
in Figure 2. The various lines have similar slopes (0.89 for R
= CH,CH,;0H, 0.86 for R= CH,COOH, 0.82 for R= CHg,
0.84 for R= C;Hs, 0.92 for R= C,H3, and 0.93 for R= CgHs)
and correlation coefficients higher than 0.99. This type of
representation has been previously used by us to discuss th
C—CI, C—Br, and C-1 bonding energetics in several RX
molecules’8 As noted before, the decreaselifio(R—X) from
R = C;Hs and GHs to R = CH3z and GHs reflects the change
in hybridization of the carbon involved in the formation of the
R—X bond. The spcarbons forming the XC,Hz and X—CgHs
bonds have a higher s character than thecspbons involved
in the X—CHs and X—C;Hs bonds, and it is well-known that
C—X bond dissociation enthalpies increase with increasing
carbon s charactéf.As seen in Figure 2, the inclusion of the
fluorine derivatives studied in this work in the correlations does

not change these general conclusions. The line corresponding
to the haloethanols is close to those for the haloalkanes, whichDH°(R—X) = DH°(H—X) +

also refer to the breaking of a C&pX bond. The fact that
the DHO(R—X) values for fluoro-, chloro-, and bromoethanol
are larger by ca. 10 kahol~! than the corresponding values for
R = CHz and GHs, may reflect the gauche interaction X-—~t®
present in the former molecules, for which enthalpies in the
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Figure 2. R—X bond dissociation enthalpies (from Table 5) versus
the corresponding HX bond dissociation enthalpies for % F, Cl,
Br, | and R= CH,CH,OH, CH;, C;Hs, C;H3, CsHs, and CHCOOH.

SCHEME 1
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/

R(g) +X(g)

range 10 kImol~! have been reported: 7>77.7881An inverse
trend is apparently observed for iodoethanol, although this
conclusion is somewhat hampered by the uncertainty intervals
of the DH(R—I) values. These findings are not unexpected
because evidence from vibrational spectroscopy and electron
diffraction experiments indicates that the “strength” of the
gauche interaction in the haloethanols decreases along the series
F>Cl|> Br > |.7l,76,78

We previously speculated that the additional decreafsH5%
(X—R) from R = CHz and GHs to R = CH,COOH was
possibly due to the fact that the formation of the carboxymethyl
radical upon breaking of the-€X bond might involve a larger
reorganization energy than the formation of the methyl or ethyl
radicals®® This view is supported in this work by the results of
the calculations of the electronic reorganization energies, ER,
defined in Scheme 1, at the B3LYP/cc-pVTZ level of theory
(Table 6). In that scheme”Represents a fragment retaining
the geometry of the precursor RX molecule, R is the relaxed
radical resulting from the cleavage of the-R bond, andEs-

?R—X) is the “intrinsic” bond strength. As shown in Table 6,

the relaxation energy of the carboxymethyl radical is indeed
significantly larger than those of the methyl, ethyl, and
2-hydroxyethyl radicals.

Finally, as we previously noted for XGHXC,Hs, XCyH3,
XCeHs, and XCHCOOH compounds (% Cl, Br, 1) the trends
exhibited by the X-CH,CH,OH bond dissociation enthalpies
are also well described by Pauling’s electrostatic-covalent
model®8 Based on Pauling’s arithmetic mean express$foin,
is possible to derivi

DH(R—R) — DH(H—H)
> +
96.232[fr — 25)° = Ot — 1071 (B)

where in this case R= CH,CH,OH, X = F, Cl, Br, I, andy,
xx, andyr are the electronegativities of H, X and R, respectively.
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Figure 3. ExperimentaDH°(X—CH,CH,OH) versus the correspond-
ing values calculated from eq BH°(X—CH,CH;OH)ca, for X = F,
Cl, Br, and I.

As shown in Figure 3, there is a good linear correlation between
the experimentaDH°(X —CH,CH,OH) values indicated above
and the correspondinBH°(X —CH,CH,OH).4 values calcu-
lated from eq 5, by usin@H°(H—H) = 435.996+ 0.008
kJ'mol~1, DHY(HOCH,CH,—CH,CH,OH) = 371.5 4+ 11.8
kJmol=1,90 y = 2.251 e = 3.911 y¢) = 3.109% yp = 2.9591

o = 2.741 and ycn,CH,OH = 2.45%2 The line in Figure 3
corresponds to the equation

DH°(X—CH,CH,OH) = (1.065 0.039PH%(X —
CH,CH,OH).,. — (33.4954 14.046) (6)

with a regression coefficient of 0.999. The average and
maximum errors in the estimation BH°(X —CH,CH,OH) from
eq 6 are 11 and 23 kdol ™%, respectively
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