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Abstract: The standard molar enthal-
pies of formation of chloro-, bromo-,
and iodoacetic acids in the crystalline
state, at 298.15 K, were determined as
DfH o

m(C2H3O2Cl, cr a)�ÿ (509.74�
0.49) kJ molÿ1, DfH o

m(C2H3O2Br, cr I)�
ÿ (466.98� 1.08) kJ molÿ1, and
DfH o

m (C2H3O2I, cr)�ÿ (415.44�
1.53) kJ molÿ1, respectively, by rotating-
bomb combustion calorimetry. Vapor
pressure versus temperature measure-
ments by the Knudsen effusion method
led to DsubH o

m(C2H3O2Cl)� (82.19�
0.92) kJ molÿ1, DsubH o

m(C2H3O2Br)�
(83.50� 2.95) kJ molÿ1, and DsubH o

m-

(C2H3O2I)� (86.47� 1.02) kJ molÿ1, at
298.15 K. From the obtained DfH o

m(cr)
and DsubH o

m values it was pos-
sible to derive DfH o

m(C2H3O2Cl, g)�
ÿ (427.55� 1.04) kJ molÿ1, DfH o

m

(C2H3O2Br, g)�ÿ (383.48� 3.14)
kJmolÿ1, and DfH o

m(C2H3O2I, g)�
ÿ (328.97� 1.84) kJ molÿ1. These data,
taken with a published value of the

enthalpy of formation of acetic acid, and
the enthalpy of formation of the carboxy-
methyl radical, DfH o

m(CH2COOH, g)�
ÿ (238� 2) kJ molÿ1, obtained from
density functional theory calcula-
tions, led to DH o(HÿCH2COOH)�
(412.8� 3.2) kJ molÿ1, DH o(Clÿ
CH2COOH)� (310.9� 2.2) kJ molÿ1,
DH o(BrÿCH2COOH)� (257.4�
3.7) kJmolÿ1, and DH o(IÿCH2COOH)
� (197.8� 2.7) kJ molÿ1. A discussion of
the CÿX bonding energetics in
XCH2COOH, CH3X, C2H5X, C2H3X,
and C6H5X (X�H, Cl, Br, I) com-
pounds is presented.
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Introduction

The considerable importance of chloro-, bromo-, and iodo-
acetic acids in organic synthesis is mainly associated with
reactions involving the cleavage of the carbonÿhalogen

bonds.[1] The ease of substitution of the halogen atoms is also
the major factor in the industrial applications of the haloacetic
acids.[2] Chloroacetic acid is the most industrially significant of
the three. It is used, for example, in the manufacture of
carboxymethyl celulose, carboxymethyl starch, and herbi-
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cides.[2] Surprisingly, the available data on the energetics of
these compounds are very scarce and, in particular, no
information exists on the carbonÿhalogen ªbond strengthsº.
Only the enthalpy of formation of chloroacetic acid in the
crystalline state has been determined,[3] and the measurement
was made by static bomb combustion calorimetry which, in
principle, does not yield reliable results for chlorine-contain-
ing organic compounds.[4] Other available data such as proton
affinities,[5] gas-phase basicities,[5] and acidities in solution,[6]

are essentially related to the ÿCOOH group. This led us to
determine the CÿCl, CÿBr, and CÿI bond dissociation
enthalpies in the chloro-, bromo-, and iodoacetic acids by
combining the results of rotating-bomb combustion calorim-
etry, heat capacity, and Knudsen effusion measurements, with
data from density functional theory calculations.

Results and Discussion

Heat capacities and enthalpies of fusion : Differential scan-
ning calorimetry (DSC) measurements of the heat capacities
of chloro-, bromo-, and iodoacetic acids in the crystalline
state, at 298.15 K, led to: C o

p;m(C2H3O2Cl, cr)� (106.7�
2.0) JKÿ1 molÿ1, C o

p;m(C2H3O2Br, cr)� (107.4� 1.2) JKÿ1 molÿ1,
and C o

p;m(C2H3O2I, cr)� (119.2� 2.7) J Kÿ1 molÿ1. The uncer-
tainties quoted represent twice the mean deviation of three
independent determinations. The corresponding gas phase
heat capacities were derived from density functional theory
calculations using the B3LYP/6-311�G(d,p) level of theory
in the case of chloro- and bromoacetic acids, and B3PW91/3-
21G in the case of iodoacetic acid. The results obtained are:
C o

p;m(C2H3O2Cl, g)� 78.3 J Kÿ1 molÿ1, C o
p;m(C2H3O2Br, g)�

79.9 J Kÿ1 molÿ1, and C o
p;m(C2H3O2I, g)� 81.0 J Kÿ1 molÿ1. The

heat capacities of chloro- and bromoacetic acids were also
calculated at the B3PW91/3-21G level leading to
79.1 J Kÿ1 molÿ1 and 79.7 J Kÿ1 molÿ1, respectively. These re-
sults are very similar to those obtained at the higher B3LYP/6-
311�G(d,p) level suggesting that the value of the gas phase
heat capacity of iodoacetic acid indicated above should also
be reliable.

The heat capacity of crystalline chloroacetic acid, at
298.15 K, proposed in this work (106.7� 2.0 J Kÿ1 molÿ1), is
considerably different from the average value of
144 J Kÿ1 molÿ1, in the range 288 ± 318 K, reported by Picker-
ing.[5, 7, 8] Note, however, that accuracy of this result was
classified as poor in the critical compilation by Domalski and
Hearing.[8] A large discrepancy is also observed between the
gas phase heat capacity of chloroacetic acid at 298.15 K,
obtained in this work (78.3 J Kÿ1 molÿ1) and the corresponding
value of 136.02 J Kÿ1 molÿ1 recommended in the literature.[9]

This latter value, which was also judged to have low accuracy
by Frenkel et al.,[9] seems too high, since it is greater than the
experimental heat capacity of chloroacetic acid in the
crystalline state indicated above.

The enthalpies of fusion of the acids were also mea-
sured by DSC as DfusH o

m(C2H3O2Cl)� (16.3� 0.4) kJ molÿ1,
DfusH o

m(C2H3O2Br)� (13.9� 0.3) kJ molÿ1, and DfusH o
m-

(C2H3O2I)� (15.5� 0.7) kJ molÿ1. The obtained values corre-
spond to the temperatures of fusion Tfus� (334.8� 0.3) K,

Tfus� (319.2� 0.7) K, and Tfus� (355.1� 0.1) K, respectively,
measured at the onset of each DSC peak. The uncertainties
quoted for DfusH o

m and Tfus represent twice the standard
deviation of the mean of six independent determinations in
the case of chloroacetic acid and four determinations in the
case of bromo- and iodoacetic acids. The enthalpy of fusion of
chloroacetic acid obtained in this work is significantly differ-
ent from the value DfusH o

m(C2H3O2Cl)� 12.3 kJ molÿ1, report-
ed in the literature at Tfus� 334.4 K.[10]

To our knowledge, no heat capacity and enthalpy of fusion
data have been published for bromo- and iodoacetic acids
previously to this work.

Knudsen effusion measurements : The vapor pressures, p, of
chloro-, bromo-, and iodoacetic acids (given as Supporting
Information) were obtained by Knudsen effusion experi-
ments. The values of p were calculated from Equations (1)
and (2),[11] where m is the mass loss during the time t, A�
3.991� 10ÿ3 cm2, l� 2.09� 10ÿ3 cm, and r� 3.564� 10ÿ2 cm
are the area, the thickness, and the radius of the effusion hole,

p� m

At

2pRT

M

� �1=2 8r � 3l

8r

� �
2l

2l� 0:48r

� �
(1)

l� kT���
2
p

ps2p
(2)

M is the molar mass of the compound, R is the gas constant, T
is the absolute temperature and l is the mean free path given
by Equation (2).[12] Here k represents the Boltzmann constant
and s the collision diameter. The collision diameters of
chloro- and bromoacetic acids were estimated as 5.28�
10ÿ8 cm and 5.39� 10ÿ8 cm, respectively, from projections of
the corresponding molecular structures[13] in the x, y, and z
planes. The van der Waals radii of the carbon, hydrogen, and
halogen atoms were taken into account in the calculation.[14] A
collision diameter of 5.50� 10ÿ8 cm was calculated by the
same procedure for iodoacetic acid with a hypothetical
structure obtained by replacing Cl by I in the chloroacetic
acid structure. Since the mean free path in Equation (2) is
pressure dependent, an iterative method was used to obtain
the vapor pressure of the compounds by Equations (1) and
(2). As a first approximation, p was calculated by ignoring the
l dependent term in Equation (1). The result obtained was
subsequently used to derive l from Equation (2). The
calculated mean free path was introduced in Equation (1)
and a second p value was calculated. The iteration was
continued until the difference between successive values of p
was smaller than 10ÿ8 Pa.

The vapor pressure data were fitted to Equation (3):[15]

ln p� a� b

T
(3)

leading to the results in Table 1. The enthalpies of sublimation
of chloro-, bromo-, and iodoacetic acids at Tm (the average of
the highest and lowest temperatures of the range covered in
each series of experiments) are given by DsubH o

m�ÿRb. The
corresponding values at 298.15 K were derived from Equa-
tion (4):

DsubH o
m(298.15 K)�DsubH o

m(Tm)�DsubC o
p;m(298.15 KÿTm) (4)
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where the DsubC o
p;m�C o

p;m(g)ÿC o
p;m(cr) data were calculated

from the heat capacities of the gaseous and solid compounds
at 298.15 K, referred to above. The uncertainties quoted for a,
b, and DsubH o

m include Student�s factor for 95 % confidence
level (t� 2.365 for chloro- and bromoacetic acids and t� 2.447
for iodoacetic acid).[16]

Combustion calorimetry : Detailed results of the combustion
calorimetric experiments are given as Supporting Information
and led to the standard molar energies (DCU o

m� and enthalpies
of combustion (DCH o

m� of the acids, at 298.15 K (Table 2).
These values refer to the reactions:

C2H3O2Cl (cr)�3�2O2 (g)� 599 H2O (l)! 2CO2 (g)�HCl ´ 600 H2O (l) (5)

C2H3O2Br (cr)� 3�2O2 (g)� 599 H2O (l)! 2CO2 (g)�HBr ´ 600 H2O (l) (6)

C2H3O2I (cr)� 7�4O2 (g)! 2 CO2 (g)� 3�2H2O (l)� 1�2I2 (cr) (7)

where the uncertainties quoted represent twice the over-all
standard deviation of the mean and include the contributions
from the calibration with benzoic acid and from the
energy of combustion of the auxiliary oil.[17] From the DCH o

m

values indicated above and DfH o
m(CO2, g)�ÿ (393.51�

0.13) kJ molÿ1,[18] DfH o
m(H2O, l)�ÿ (285.830�

0.040) kJ molÿ1,[18] DfH o
m(HCl ´ 600 H2O, l)�

ÿ166.619 kJ molÿ1,[19] and DfH o
m(HBr ´ 600 H2O, l)�

ÿ120.924 kJ molÿ1,[19] it was possible to derive the standard
molar enthalpies of formation of the acids in the crystalline
state indicated in Table 2. Also included in this table are the
corresponding enthalpies of formation in the gaseous state,

which were calculated from the DfH o
m(cr) values and the

enthalpies of sublimation in Table 1. As mentioned in the
Introduction, only the enthalpy of formation of chloroacetic
acid in the crystalline state had been previously measured by
Smith et al.[3] The value reported by these authors,
DfH o

m(C2H3O2Cl, cr)�ÿ (510.5� 8.3) kJ molÿ1,[3, 20] despite
its large uncertainty interval, is in good agreement with
DfH o

m(C2H3O2Cl, cr)�ÿ (509.74� 0.49) kJ molÿ1 obtained in
this work.

DFT calculations : The standard enthalpy of formation of the
CH2COOH radical was estimated according to the following

procedure. First, the enthalpy of the isodesmic and isogyric
reaction (8) (DrH o

m� was computed for X�H, Cl, Br, and I
(Table 3). Second, Equation (9) was used to derive

XCH2COOH(g)�C2H5(g)!CH2COOH(g)�C2H5X(g) (8)

DfH o
m(CH2COOH, g)�DrH o

mÿDfH o
m(C2H5X, g)�DfH o

m(C2H5, g)
�DfH o

m(XCH2COOH, g)
(9)

DfH o
m(CH2COOH, g) from each theoretical result for that

reaction enthalpy, by using the enthalpy of formation data for
the gaseous haloacetic acids in Table 2 and DfH o

m(CH3COOH,
g)�ÿ432.8� 2.5 kJ molÿ1,[20] DfH o

m(C2H6, g)�ÿ83.8�
0.3 kJ molÿ1,[20] DfH o

m(C2H5, g)� 119� 2 kJ molÿ1,[21]

DfH o
m(C2H5Cl, g)�ÿ112.1� 1.1 kJ molÿ1,[20] DfH o

m(C2H5Br,
g)�ÿ61.9� 1.6 kJ molÿ1,[20] and DfH o

m(C2H5I, g)�ÿ8.1�
2.2 kJ molÿ1.[20] The results are collected in Table 4.

It is noted in Table 3 that the B3PW91 and the B3LYP
functionals lead to similar DrH o

m values for each X, partic-
ularly when the two larger basis sets were used. On the other
hand, Table 4 shows that the values of DfH o

m(CH2COOH,
g) obtained from the several DrH o

m results (Table 3) and the
corresponding experimental enthalpy of formation data are in
excellent agreement. This supports the reliability of the DFT
results and indicates a very good thermodynamic consistency
between the theoretical reaction enthalpies and the exper-
imental standard enthalpy of formation data. The selected
value for DfH o

m(CH2COOH, g) of ÿ (238.0� 2.0) kJ molÿ1 is a
weighed average of the results in Table 4. It is in excellent
agreement with early ab initio results by Yu et al. ,[22]

ÿ (239.5� 9.3) kJ molÿ1 and ÿ243.8 kJ molÿ1, and by Leroy
et al.[23] , ÿ238.7 kJ molÿ1. It is also in good agreement with a
result obtained from flowing afterglow experiments by
Wenthold and Squires,[24] ÿ (248.9� 12.1) kJ molÿ1 and with

Table 1. Values of the constants in Equation (3) and enthalpies of sublimation of chloro-, bromo-, and iodoacetic acids.

Compound Tm/K a ÿ b DsubH o
m(Tm)/kJ molÿ1 DsubH o

m(298.15 K)/kJ molÿ1

C2H3O2Cl 281.95 35.494� 0.392 9940.54� 110.15 82.65� 0.92 82.19� 0.92
C2H3O2Br 280.32 35.773� 1.268 10102.07� 354.99 83.99� 2.95 83.50� 2.95
C2H3O2I 279.13 35.106� 0.438 10488.02� 122.68 87.20� 1.02 86.47� 1.02

Table 2. Standard molar energies and enthalpies of combustion, and
enthalpies of formation of chloro-, bromo-, and iodoacetic acids, at
298.15 K. Data in kJ molÿ1.

Compound ÿDCU o
m ÿDCH o

m ÿDfH o
m(cr) ÿDfH o

m(g)

C2H3O2Cl 728.49� 0.41 729.73� 0.41 509.74� 0.49 427.55� 1.04
C2H3O2Br 728.03� 1.05 726.79� 1.05 466.98� 1.08 383.48� 3.14
C2H3O2I 796.61� 1.51 800.33� 1.51 415.44� 1.53 328.97� 1.84

Table 3. Theoretically calculated enthalpies of reaction (8) at 298.15 K.

Method ÿDrH o
m/kJmolÿ1

X�H X�Cl X�Br X� I

B3PW91/3-21G 3.6 44.6 36.5 31.3
B3PW91/6-31G(d,p) 11.8 38.7 36.1
B3PW91/6-311�G(d,p) 8.2 38.2 35.9
B3LYP/6-311�G(d,p) 9.8 40.3 37.2

Table 4. Calculated values for the standard enthalpy of formation of
CH2COOH at 298.15 K.

Method ÿDfH o
m(CH2COOH, g)/kJ molÿ1

X�H X�Cl X�Br X� I

B3PW91/3-21G 233.6 241.1 239.1 233.2
B3PW91/6-31G(d,p) 241.8 235.2 238.7
B3PW91/6-311�G(d,p) 238.2 234.7 238.5
B3LYP/6-311�G(d,p) 239.8 236.8 239.8
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an estimate by Orlov et al.,[25] ÿ243.1 kJ molÿ1. However, our
calculated result for DfH o

m(CH2COOH, g) disagrees with an
electron-impact value obtained by Holmes et al. ,[26]

ÿ (257.7� 12.6) kJ molÿ1.

XÿCH2COOH bond dissociation enthalpies : Our selec-
tion for DfH o

m(CH2COOH, g), ÿ (238.0� 2.0) kJ molÿ1,
together with the enthalpies of formation of H
(217.998� 0.006 kJ molÿ1),[18] Cl (121.301� 0.008 kJ molÿ1),[18]

Br (111.87� 0.12 kJ molÿ1),[18] I (106.76� 0.04 kJ molÿ1),[18]

and DfH o
m(XCH2COOH, g) (X�H, Cl, Br, I), yield

the following CÿX bond dissociation enthalpies at
298.15 K: DH o(HÿCH2COOH)� (412.8� 3.2) kJ molÿ1,
DH o(ClÿCH2COOH)� (310.9� 2.2) kJ molÿ1,
DH o(BrÿCH2COOH)� (257.4� 3.7) kJ molÿ1, and
DH o(IÿCH2COOH)� (197.8� 2.7) kJ molÿ1. These values
are compared in Table 5 with the corresponding CÿX bond
dissociation enthalpies in XCH3, XC2H5, XC2H3,
and XC6H5, which were calculated from literature
data.[18, 20, 21, 27, 28]

Plots of DH o(RÿX) versus DH o(HÿX) (X�Cl, Br, I;
R�CH3, C2H5, C2H3, C6H5, and CH2COOH), ob-
tained from the DH o(RÿX) data in Table 5 and
DH o(HÿCl)� (432.61� 0.10) kJ molÿ1, DH o(HÿBr)�
(366.16� 0.20) kJmolÿ1, and DH o(HÿI)� (298.11�
0.11) kJmolÿ1, calculated from literature data,[18] are shown
in Figure 1. The various lines have similar slopes (0.84 for R�
CH2COOH, 0.83 for R�CH3, 0.88 for R�C2H5, 0.77 for

Figure 1. RÿX bond dissociation enthalpies (from Table 5) versus the
corresponding HÿX bond dissociation enthalpies for X�Cl, Br, I and R�
CH3, C2H5, C2H3, C6H5, and CH2COOH.

R�C2H3, and 0.95 for R�C6H5) and correlation coefficients
higher than 0.999. This type of representations have been used
by us[29] and others[30±32] to estimate thermochemical data and
to evidence interesting aspects of the bonding energetics in a
variety of organic, inorganic, and organometallic molecules.
Three subsets of lines can be distinguished in Figure 1: a) R�
C2H3 and C6H5; b) R�CH3 and C2H5; and c) R�
CH2COOH. The decrease of DH o(RÿX) from subset a) to
b) reflects the change in hybridization of the carbon involved
in the formation of the RÿX bond. The sp2 carbons forming
the XÿC2H3 and XÿC6H5 bonds have a higher s character than
the sp3 carbons involved in the XÿCH3 and XÿC2H5 bonds,
and it is well-known that the CÿX bond dissociation
enthalpies increase with increasing carbon s character.[33]

The additional decrease of DH o(XÿR) from subsets b) to c)
may be due to the fact that the formation of the carboxy-
methyl radical upon breaking of the CÿX bond involves a
larger relaxation energy than the formation of the methyl or
ethyl radicals. Similar arguments can be used to explain the
trends observed in Table 5 for DH o(RÿH).

Interestingly the major qualitative trends exhibited by the
carbon halogen bond dissociation enthalpies in Table 5 and
Figure 1 can also be predicted based on Pauling�s electro-
static ± covalent model.[34] Applying Pauling�s arithmetic
mean expression to both RÿX and HÿX yields:

DH o(RÿX)�DH o�RÿR� �DH o�XÿX�
2

� 96.232 (cRÿ cX)2 (10)

DH o(HÿX)�DH o�HÿH� �DH o�XÿX�
2

� 96.232 (cHÿ cX)2 (11)

where cH, cX, and cR are the electronegativities of H, X, and
R, respectively. Subtraction of Equation (11) from Equa-
tion (10) leads to:

DH o(RÿX)�DH o(HÿX)�DH o�RÿR� ÿDH o�HÿH�
2

� 96.232 [(cRÿ cX)2ÿ (cHÿ cX)2]
(12)

As shown in Figure 2, there is a good linear correlation
between the experimental DH o(RÿX) values in Table 5 and
the corresponding DH o(RÿX)calcd values calculated
from Equation (12), by using DH o(HÿH)� 435.996�
0.008 kJ molÿ1, DH o(HÿX), and the DH o(RÿR) and elec-

Figure 2. Experimental RÿX bond dissociation enthalpies (from Table 5),
DH o(RÿX), versus the corresponding values calculated from Equa-
tion (12), DH o(RÿX)calcd , for X�Cl, Br, I, and R�CH3, C2H5, C2H3,
C6H5, and CH2COOH.

Table 5. RÿX bond dissociation enthalpies in kJmolÿ1. Pauling electronegativities[a]

of the R and X fragments are given in parentheses.

X
R H (2.25) Cl (3.10) Br (2.95) I (2.74) R

CH2COOH (2.74) 412.8� 3.2 310.9� 2.2 257.4� 3.7 197.8� 2.7 342.7� 4.3
CH3 (2.31) 438.8� 0.6 349.6� 0.6 293.7� 1.4 238.8� 1.5 376.6� 0.6
C2H5 (2.32) 420.8� 2.0 352.4� 2.3 292.8� 2.6 233.9� 3.0 363.7� 2.9
C2H3 (2.43) 465.1� 3.3 383.7� 3.5 332.3� 3.8 489.2� 4.8
C6H5 (2.49) 465.5� 3.5 399.4� 1.7 336.6� 4.4 272.0� 6.8 478.8� 5.1

[a] From ref. [35, 36].



Haloacetic Acids 483 ± 489

Chem. Eur. J. 2001, 7, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0702-0487 $ 17.50+.50/0 487

tronegativity[35, 36] data given in Table 5, respectively. The line
in Figure 2 corresponds to Equation (13):

DH o(RÿX)� (0.926� 0.037) DH o(RÿX)calcdÿ (5.14� 12.61) (13)

with a regression coefficient of 0.99. The average error in the
estimation of DH o(RÿX) from Equation (13) is 6.4 kJ molÿ1.

It is finally noted that the differences DH o(XÿCH3)ÿ
DH o(XÿCH2COOH) and DH o(XÿC2H5)ÿDH o-
(XÿCH2COOH) in Table 5 are smaller for X�H than for
X� halogen. This is consistent with the predicted variation in
the ionic character of the RÿX bonds based on the differences
in the electronegativities of the R and X fragments. According
to Pauling�s covalent ± electrostatic model, bonds are
strengthened by an increase of their ionic character. While
the ionic character of the HÿCH2COOH bond is much larger
than the ionic character of the HÿCH3 and HÿC2H5 bonds
(jcHÿcCH2COOH j�0.49, jcHÿcCH3

j�0.06, jcHÿcC2H5
j�0.07),

the opposite is observed for the XÿCH2COOH,
XÿCH3, and XÿC2H5 bonds when X�Cl, Br, or I
(jcClÿcCH2COOH j�0.36, jcClÿcCH3

j�0.79, jcClÿcC2H5
j�0.78;

jcBrÿcCH2COOH j�0.21, jcBrÿcCH3
j�0.64, jcBrÿcC2H5

j�0.63;
jcIÿcCH2COOH j�0.00, jcIÿcCH3

j�0.43, jcIÿcC2H5
j�0.42).

Experimental Section

General : 1H NMR spectra were obtained on a Varian Gemini (200 MHz)
instrument for chloroacetic acid and a Bruker AMX (400 MHz) for bromo-
and iodoacetic acid, using CDCl3 solutions at ambient temperature.
Chemical shifts relative to TMS were calculated using CHCl3 as an internal
standard. IR spectra were recorded on a Perkin ± Elmer PE 1720 using KBr
pellets. X-ray powder diffractrograms were recorded in a Philips PW1050/
25 diffractometer with a nickel-filtered CuKa radiation (l� 1.54178 �)
equipped with a proportional counter. Melting temperatures and enthal-
pies of melting where determined in a Setaram DSC 121 Differential
Scanning Calorimeter at a scan rate of 2 K minÿ1. The samples were sealed
inside aluminium crucibles and argon was used as the purging gas.

Materials

a-Chloroacetic acid : Chloroacetic acid (Merck, p.a.) was recrystallized
from diethyl ether and sublimed at a temperature of 298 K and a pressure
of 10 Pa. The obtained sample (a phase) was kept in a Schlenk tube under
argon prior to combustion. The phase identification and phase purity were
checked by X-ray powder diffraction (main reflections: 18.5, 23.9, 25.7, 27.9,
37.5, 39.0, 47.48, 2q).[13a] Tfus� (334.8� 0.3) K (average of six measure-
ments); IR (KBr): nÄ � 3008, 2959 (CÿH), 1733 (C�O), 1418, 1407,
1394 cmÿ1 (OÿH); elemental analysis calcd (%) for C2H3O2Cl: C 25.4, H
3.0; found C 25.1, H 3.0 (average of two measurements); 1H NMR
(200 MHz, CDCl3): d� 4.12 (s, 2-H), 11.84 (s, 1-H).

Bromoacetic acid (form I): Bromoacetic acid (Merck, p.a.) was recrystal-
lized from diethyl ether and sublimed at a temperature of 292 K and a
pressure of 10 Pa. The obtained sample (form I) was kept in a Schlenk tube
under argon prior to combustion. The phase identification and phase purity
were checked by X-ray powder diffraction (main reflections: 7.4, 22.4, 23.5,
25.3, 26.0, 27.1, 30.0, 31.1, 35.5, 37.8, 43.28, 2q).[13b] Tfus� (319.2� 0.7) K
(average of four measurements); IR (KBr): nÄ � 3035, 2962 (CÿH), 1726
(C�O), 1403 cmÿ1 (OÿH); elemental analysis calcd (%) for C2H3O2Br: C
17.3, H 2.1; found C 17.2, H 2.3 (average of three measurements); 1H NMR
(400 MHz, CDCl3): d� 4.15 (s, 2-H).

Iodoacetic acid : Iodoacetic acid (Merck, p.a.) was recrystallized from
diethyl ether and sublimed at a temperature of 291 K and a pressure of
10 Pa. The obtained sample was kept in a Schlenk tube under argon prior to
combustion. The main reflections found in the X-ray powder diffractogram
are: 7.5, 21.7, 22.5, 23.7, 25.8, 27.2, 30.1, 38.0, 42.48, 2q. Tfus� (355.1� 0.1) K
(average of four measurements); IR (KBr): nÄ � 3051 (CÿH), 1686 (C�O),

1427, 1391 cmÿ1 (OÿH); elemental analysis calcd (%) for C2H3O2I: C 25.4,
H 3.0; found C 25.1, H 3.0 (average of two measurements); 1H NMR
(400 MHz, CDCl3): d� 3.72 (s, 2-H).

Heat capacity and enthalpy of fusion measurements : The temperatures and
enthalpies of fusion, and the solid state heat capacities of chloro-, bromo-,
and iodoacetic acids were measured with a Setaram DSC 121 differential
scanning calorimeter. The mass of sample used was about 10 mg in the
enthalpy of fusion and about 90 ± 110 mg in heat capacity measurements. In
all experiments the samples were sealed in aluminium crucibles and studied
at a scan rate of 2 Kminÿ1, using argon as the purging gas. The experimental
method and the data handling procedure used in the heat capacity
determinations were previously described.[37] The temperature and heat
flux scales of the calorimeter were calibrated by determining the temper-
atures and enthalpies of fusion of the following standard substances:
benzoic acid (B.D.H. thermochemical standard), indium (Perkin ± Elmer,
99.999 %), tin (Goodfellow, SN006110, 99.995 %), lead (Goodfellow,
PB006100, 99.999 %), and zinc (Perkin ± Elmer, 99.999 %).

Knudsen effusion measurements : The enthalpies of sublimation of chloro-,
bromo-, and iodoacetic acids were determined with the Knudsen effusion
apparatus and operating procedure previously described.[38] The temper-
ature of the water bath was controlled to �0.01 K with a Haake ED
Unitherm thermostat using a Haake EK12 cryostat as the heat sink. The
temperature of the Knudsen cell was measured with a Tecnisis 100 W

platinum resistance thermometer (Pt 100) calibrated against a Hewlett ±
Packard (HP2804A) quartz thermometer. The Pt 100 sensor was embedded
in the bronze block containing the Knudsen cell and was connected in a
four wire configuration to a Keithley 2000 multimeter. The average of all
temperature readings acquired in a constant 10 s interval was stored in the
buffer memory of the multimeter. The mean value of the total number of
readings accumulated in the buffer during a run was used as the
temperature of the experiment. The mass loss from the sample was
determined by weighing the cell to �10ÿ5 g with a Mettler AT 201 balance.

Combustion calorimetry : The isoperibol rotating-bomb combustion calo-
rimeter used in this work has been described previously.[39] The bomb with a
volume of 0.258 dm3 was of stainless steel lined with platinum; all the
internal fittings were made from platinum. The sample container was a
platinum crucible supported by a platinum ring inside the bomb. The total
mass of the crucible and the ring was about 11.7 g. In a typical experiment, a
pellet of the sample and the n-hexadecane (Aldrich, Gold Label) used as
combustion aid, were weighted inside the crucible in a Mettler AE 240
balance with a precision of �10ÿ5 g. A platinum wire of diameter 0.05 mm
(Goodfellow, mass fraction: 0.9999) was fastened between the ignition
electrodes. A cotton thread fuse of empirical formula CH1.686O0.843 was
weighted with a precision of �10ÿ5 g and tied to the platinum wire. The
crucible was adjusted to the bomb head and the cotton thread fuse was
placed in contact with the sample, without touching the crucible walls. In
the case of chloro- and bromoacetic acids, 20 cm3 and 25 cm3, respectively,
of a 0.09016 mol dmÿ3 As2O3 aqueous solution were placed inside the bomb.
The presence of the arsenious oxide solution insured that all X2 (X�Cl,
Br) formed in the combustion was reduced to aqueous HX.[4a,d, 40, 41] Since
mixtures of X2 and HX of variable composition are always formed in the
combustion of chlorine or bromine organic compounds this method
enabled to simplify the analysis of the final state.[4a] In the experiments
with iodoacetic acid the bomb contained 10 cm3 of a 0.909 mol dmÿ3 KI
aqueous solution to achieve a quantitative conversion of the I2 formed in
the combustion to I3

ÿ(aq).[42] Although only elemental iodine is found in
the combustion products of organoiodine compounds,[4a] the use of the
potassium iodide solution eliminates the uncertainty in the determination
of the final state due to the distribution of I2 among solid, aqueous, and
gaseous phases.[42] After the introduction of the bomb solution, the bomb
was closed and purged twice by charging it with oxygen at a pressure of
1.01 MPa and then venting the overpressure. The bomb was then charged
with oxygen at a pressure of 3.04 MPa and transferred to the inside of the
calorimeter proper. The electrical connections of the firing circuit were
attached to the bomb head, and the calorimeter proper was filled with an
amount of distilled water as close as possible to the average mass of water
used in calibration experiments (5217.0 g). The water added to the
calorimeter proper in each experiment was weighed to �0.1 g in a Mettler
PC 8000 balance. Calorimeter temperatures were measured to �10ÿ4 K
using a Hewlett ± Packard (HP2804A) quartz thermometer. The duration
of the fore, main, and after periods was about 20 minutes each. Discharge
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of a 1400 mF capacitor through the platinum wire referred to above ignited
the cotton thread fuse and subsequently the sample. For each experiment
the ignition temperature was chosen so that the final temperature would be
close to 298.15 K. The rotation of the bomb was started when the
temperature 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 procedure, the frictional work due to the rotation of the bomb
is automatically accounted for in the calculation of the adiabatic temper-
ature rise.[43] The HNO3 formed from traces of atmospheric N2 remaining
inside the bomb was analyzed by the Devarda�s alloy method.[44] The extent
of the reactions of the elemental halogens formed in the combustions with
the arsenious oxide or potassium iodate solutions were found by titrating
the final bomb solutions with sodium thiosulphate (0.100 mol dmÿ3).[44] A
small residue of carbon was found in the crucible at the end of some of the
experiments. The mass of this residue was determined as follows. The
crucible containing the residue was dried for about 5 min with a hair dryer,
cooled to room temperature inside a desiccator, and weighed. After heating
it with a Bunsen burner flame to eliminate the residue, the crucible was
transferred to the desiccator, and weighed a second time. The mass of
residue formed in the experiment was taken as the mass difference between
the first and second weighings.

DFT calculations : The calculations reported in this study have been carried
out with the Gaussian-94/DFT program.[45] The geometries have been fully
optimized and the total energies were calculated using the Becke�s three-
parameter hybrid method[46] with the Perdew and Wang PW91[47] correla-
tion functional (B3PW91) and the Lee, Yang, and Parr LYP[48] correlation
functional (B3LYP). The basis set were the 3-21G[49] , 6-31G(d,p),[50] and
6-311�G(d,p).[51] Total energies (E) were calculated from Equation (14):

E�VNN�H core�Vee�EX[1]ÿEC[1] (14)

where VNN is the nuclear-nuclear interaction, H core is a mono-electronic
contribution to the total energy, including electron kinetic and electron ±
nuclear interaction energies, and Vee is the coulombic interaction between
the electrons. EX[1] and EC[1] are the exchange and correlation energies,
functionals of the electronic density 1. All the total energies, given as
Supporting Information, were corrected with the zero-point vibrational
energies calculated at the same theoretical level.
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