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Ab initio and density functional theory methods have been employed to study all theoretically possible conformers
of fluoroacetic acid. Molecular geometries and energetic of cis and #rans monomers and cis dimers in gaseous phase
have been obtained using HF, B3LYP and MP2 levels of theory, implementing 6-311++G(d,p) basis set. It was found
that cis rotamers are more stable. In addition, it was found that in comparison with acetic acid the strength of hydrogen
bonding in fluoroacetic acid decreased. The infrared spectrum frequencies and the vibrational frequency shifts are
reported. Natural population and atom in molecule analysis performed to predict electrostatic interactions in the cyclic
H-bonded complexes and charges. The proton transfer reaction is studied and activation energy is compared with

acetic acid proton transfer reaction.
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Introduction

Hydrogen bonding has been a very interesting issue for che-
mists for a long time since it can account for characteristics of
many chemical and biological phenomena. A sound knowledge
of hydrogen bond is fundamental to understand chemical struc-
tures, enzyme catalysis, material properties, self assembly phe-
nomena, and functions of molecular and biological devices and
machines.'” It is well known that carboxylic acids form in the
gas phase and solution cyclic structure with two very strong
O-H---O=C hydrogen bonds. Several experimental studies such
as IR spectroscopy,“’5 NMR spectroscopyf'8 X-ray crystallo-
graphy,”"! microwave spectroscopy'” vapor-density measure-
ments " and thermal conductivity measurements'* indicate that
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Figure 1. The structure and numbering of eight theoretically possible
conformers of fluoroacetic acid.

carboxylic acids form hydrogen-bonded cyclic dimers. In addi-
tion the characterization of the hydrogen bonding interaction
between carboxylic acids has been studied by a lot of theo-
retical calculations.”

The monomers of carboxylic acids may be found in two
forms: cis and trans (Figure 1). In the cis conformer the car-
boxylic hydrogen atom points toward the carbonyl group, while
in the frans conformer the two point away from each other.
Generally monocarboxylic acids exhibit only the cis conformer.
The coexistence of both conformers of formic acid in the solid
state was proposed earlier,”’ but this possibility was excluded
by a reinvestigation of the crystal structure.” Nevertheless, a
recent study has shown that both conformers indeed coexist at
high pressure.” In addition, the #rans and cis conformers have
been observed in water’> and in the gas phase.26

Fluoroacetic acid is the simplest molecule in the series of
a-substituted halogenated carboxylic acids. According to pre-
vious experimental data Van Eijck et al. have studied the rota-
mers of fluoroacetic acid by electron diffraction and microwave
techniques.12 They proved the existence of two conformers in
the gas phase, labeled EC and BT in this paper. However,
Nieminen et al. theoretically showed that fluoroacetic acid
exists in four conformers.”” The aim of the present paper is a
careful study of fluoroacetic acid in all their possible confor-
mations, performed by DFT and ab initio methods, in order to
obtain further and more detailed information on geometrical
parameters of molecule and on the rotational motion of the CH2F
group. Besides, the present calculations may serve to estimate
the strength of hydrogen bonding in the fluoroacetic acid dimers.
It is important that we compare the effect of replacing of a
hydrogen atom with an electron withdrawing atom (F atom) on
hydrogen bonding of acetic acid.

Computational Methods

The ground-state properties of the monomers and the dimers
of fluoroacetic acid have been calculated by using HF, B3LYP
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and MP2 methods at 6-311++G(d,p) basis set level. All com-
putations have been performed on a personal computer using
the Gaussian 03 program package28 and Gaussview molecular
visualization program.” The scale factor 0.9614 for calculated
frequencies was used for B3LYP with 6-311++G(d,p) basis
set.”” All the equilibrium isomers without imaginary frequency
correspond to the local minimum points on the potential surface.
A single imaginary frequency was confirmed for the transition
states. The uncorrected interaction energies were obtained by
subtracting the energy of two fully optimized monomers from
the energy of the dimers:

Eint=EaB—(Ea + Ep) (1

where Ea, Eg and E.g are the electronic energies of first fluoro-
acetic acid molecule, second one and dimer, respectively. The
zero-point vibrational energy (ZPVE) corrections are applied
in the present work based on following equations:

Einizpve) = Ea-szpve) ~ Ea@eve) ~ Es@rve) 2)

where EA(ZPVE), EB(ZPVE) and EA-B(ZPVE) are the sum of elect-
ronic and zero-point energies of first and second fluoroacetic
acid and aggregated system, respectively. To correct the basis
set superposition error (BSSE), the counterpoise (CP) method’'
was employed.

Finally, the corrected interaction energies Eingcorr), Was cal-
culated by addition of Einzpve)and Eingssg) to interaction energy
term (eq. 1):

Eintcorr) = Eint T Eintzpve) + EintBssk) 3)

The vibrational frequencies were computed for the optimized
geometries of monomers and dimers of FCH,CO,H. The har-
monic frequency shift of the O-H stretching mode in the dimers,
vo.n, was estimated by the following equation:

Avon = VO-H(Dimer) ~ VO-H(Monomer)

(4)
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The natural bond orbital (NBO) analysis was used to under-
stand better the nature of the corresponding intermolecular
interactions.”

Results and Discussion

The structures and numbering of eight conformers of fluoro-
acetic acid to be theoretically possible are presented in Figure 1.
For the titled molecule two conformations for the OH group
and three conformers for fluoro group have been considered,
the adopted nomenclatures are EC and ET for eclipsed fluoro
and cis or trans of hydrogen with carbonyl group. SC and ST
refer to staggered fluoro for cis and frans locations of hydrogen
and carbonyl group, SC1 and ST1 to other staggered fluoro for
cis and trans locations of hydrogen and carbonyl group, and
BC and BT to cis and trans bisected conformers, respectively.
Among the calculated isomers we only consider four confor-
mers: ET, EC, ST, SC.

Monomers. The properties of isolated conformers of fluoro-
acetic acid, well reproduced at the HF, DFT and MP2 using
6-311++G(d,p) basis set are presented in Table 1. The results
are compared with the values reported from experimental stud-
ies. A close look at the calculated and the experimental struc-
tural parameters shows that for EC and BT conformers for
which experimental data are available, HF bond distances are
slightly shorter than the experimental results. This may be due
to neglect of the electron correlation by HF theory. However
bond lengths and bond angles obtained by MP2 and DFT cal-
culations are close to the experimental values, (See Table 1).

For example, comparison of C-O bond length calculated by
DFT method with experimental data for EC and BC isomers
shows differences of 0.37% and 0.41%, exhibiting excellent
agreement. When considering the good reliability of the cal-
culated structures of species EC and BT, it seems to be reason-
able to assume that calculated values for ET and B are also
reliable.

The effect of replace of a hydrogen atom with a fluorine atom
on the geometrical parameters can be compared with the acetic

Table 1. Some optimized geometric parameters of the four lowest energy conformers of fluoroacetic acid obtained at different levels of theory
with the 6-311++G(d,p) basis set

Method 1’ I3 I34 I2s Is6 9234[J Os21 CDlzsab D234
EC HF 1.175 1.328 0.946 1.510 1.347 109.4 126.2 0.0 0.0
B3LYP 1.197 1.355 0.969 1.518 1.377 107.7 126.4 0.0 0.0
MP2 1.204 1.356 0.968 1.517 1.373 106.4 126.5 0.0 0.0
ET HF 1.169 1.334 0.943 1.517 1.343 1134 124.5 0.0 180.0
B3LYP 1.191 1.362 0.966 1.527 1.374 112.0 124.9 0.0 180.0
MP2 1.197 1.363 0.964 1.526 1.369 110.3 125.0 0.0 180.0
BC HF 1.182 1.314 0.947 1.512 1.352 108.9 121.2 180.0 0.0
B3LYP 1.205 1.341 0.970 1.517 1.382 107.3 121.6 180.0 0.0
MP2 1.210 1.342 0.969 1.516 1.376 105.8 121.6 180.0 0.0
BT HF 1.176 1.317 0.945 1.512 1.368 111.6 120.4 180.0 180.0
B3LYP 1.198 1.342 0.970 1.524 1.404 109.5 121.0 180.0 180.0
MP2 1.204 1.344 0.968 1.524 1.394 108.0 120.9 180.0 180.0
EC Exp° 1.201 1.360 0.983 1.497 1.365 105.6 126.9 - -
BT Expd 1.207 1.337 0.938 1.510 1.390 108.4 120.8 - -

“Bond lengths in A, ’Bond angles and dihedral angles in degree ““Experimental data from [12 a] and [12 b].
g g g g p
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Figure 2. Rotational potential energy of cis and frans fluoroacetic acid as a function of F6-C5-C2-O1 using different levels of theory.

acid geometries. For example in the acetic acid, the previously
calculated C=0 and C-C bond lengths using MP2/6-31G*
method were reported as 1.2170 A and 1.5001 A respectively.”
Comparison with our results shows that fluorination causes a
decrease in the C=0 and C-O bond lengths and increase in the
C-C bond length. For instance, the C=0O bond length calculat-
ed at MP2/6-311++G(d,p) level decreased to 1.2037, 1.1976,
1.2100 A and 1.2038 for the EC, ET, BC and BT isomers,
respectively.

Conformational analysis of the two conformers (cis and trans
fluoroacetic acid) was carried out initially to find some of the
structures corresponding to the conformers with lowest energy.
For this purpose, F6-C5-C2-O1 dihedral angle was considered
on each molecule, to investigate the overall influence on the
total energy of the molecule. Figure 2 shows that cis or trans
fluoroacetic acid have two stable conformers: EC, BC ET and
BT for cis and trans isomers, respectively. In the cis and trans
isomers, the lowest energy conformers reside where the dihedral
angle takes the values 0° and 190°, respectively. The intramole-
cular hydrogen bonding causes the BT rotamer to be more stable
than ET one. However the maxima were obtained when F6-C5-
C2-01 dihedral angle takes 80°, 300° for cis and 90° and 290°
for trans isomers, respectively (Figure 2).

The results of calculated total energies, relative stabilities and
dipole moments of four conformers of FCH,CO,H are collect-
ed in Table 2. As can be seen in Table 2, all methods predict
that the most stable conformer is obtained when fluorine atom
is eclipsed with carbonyl group in the cis conformer. This obser-
vation is in consistence with previous finding about acetic acid
that reported cis conformer is 6.1 kcal/mol more stable than
trans, using MP2/6-311++G(d,p) level of theory.” In addition,
based on our calculations, the order of stability was found as
EC>BC > BT> ET. The energetic order of four conformers
of fluoroacetic acid was consistent at all levels of theory used
(see Table 2). As the relative energies of the conformers are
considered, it can be seen the relative instability ET and BT are
higher than kT (0.6 kcal/mol at room temperature and 1 atm.
pressure); this means that both the trans conformers do not
have considerable populations in the gas phase.

The HF theory predicts that EC is more stable than BC, BT
and ET by 0.32,2.05 and 8.22 kcal/mol, respectively. In addition
these values for DFT methods are 0.12, 0.65 and 6.94 kcal/mol
for BC, BT and ET, respectively. Moreover, the MP2 values
are 0.41, 1.29 and 7.17 kcal/mol for BC, BT and ET, respec-
tively.

Dipole moment is the first derivative of the energy with res-

Table 2. Calculated total energies, relative stabilities and dipole moments of fluoroacetic acid monomers at HF, B3LYP and MP2 levels using
6-311++G(d,p) basis set

EC ET BC BT
-326.7545807" -326.7414869 -326.7540736 -326.7513054
HF 0.0° 8.22 0.32 2.05
3.37° 5.38 0.1282 3.1594
-328.4202460 -328.4091942 -328.4200627 -328.4192143
B3LYP 0.0 6.94 0.12 0.65
3.1378 5.00 0.2805 2.8935
-327.6340906 -327.6226611 -327.6334373 -327.6320269
MP2 0.0 7.17 0.41 1.29
3.44 5.52 0.20 3.28

“Total energies in Hartree, "Relative stabilities in Kcal/mol, “Dipole moments in Debye.
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Table 3. Some optimized geometrical parameters of the two dimers
of fluoroacetic acid obtained at different levels of theory using the
6-311++G(d,p) basis set

HF B3LYP MP2
parameter

BC EC BC EC BC EC

1’ 1.197 1.189 1225 1217 1228 1220

23 1292 1305 1307 1319 1312 1.324

125 1.510 1509 1.516 1.517 1515 1516

T34 0.960 0.960 1.000 0998 0.993 0.991

Is7 1.082 1.083 1.093 1.094 1.093 1.093

Iig 1.832 1.844 1.674 1.681 1.689 1.698

I26 1.350 1347 1380 1377 1375 1372

T4 1.835 1.844 1.673 1.680 1.689 1.698

O’ 110.7 1112 1102 1106 1084 108.9

O35 119.7 1243 1188 1235 119.0 123.7

O 1723 1714 1771 1767 1785 1783
Di4° 0.0 0.0 0.0 0.0 0.0 0.0
Da3 1.0 0.3 1.3 0.5 0.0 30.3

“Bond lengths in A, *“Bond angles and dihedral angles in degree.

Table 4. Calculated binding energies (kcal molfl) of the doubly hydro-
gen bonded BC and EC fluoroacetic acid dimers using the 6-311++G
(d,p) basis set at HF, B3LYP and MP2 methods*

Eint Ein@zeve)y  Eisssy) Eint(corm

EC HF 13.92 1.49 0.88 11.55
B3LYP 16.15 1.31 0.84 14.00

MP2 15.83 1.45 2.75 11.63

BC HF 13.46 1.46 0.94 11.06
B3LYP 15.76 1.10 0.85 13.81

MP2 15.67 1.63 2.83 11.21

“The values are in keal mol . Basis set superposition errors for hydrogen
bound associates (BSSE) are estimated by the counterpoise method.

pect to an applied electric field and is the measure of the
asymmetry in the molecular charge distribution. The results of
calculated dipole moments of FCH,CO,H isomers are collected
in the Table 2. ET conformer has the largest dipole moments,
5.38,5.00 and 5.52 Debye at HF, DFT and MP2 level of theory.

Dimers. The strength of a localized H-bond (X-H Y) may be
found from the shortening of di.y (X=0, N or F), the elongation
of dx.11 and the red shifts of vxu. All of these indirect parameters
are easily calculated from the optimized results for dimers and
related monomers. In the present study only the cyclic dimers
having two O-H---O=C hydrogen bonds were considered, as
they were recognized as the most stable in experimental and
theoretical studies, and the only one whose geometrical para-
meters were measured in the carboxylic acids.” Figures 3 and 4
show cyclic conformation and numbering of EC and BC di-
mers and the optimized structures of these dimers calculated at
B3LYP/6-311++G(d,p) level of theory, respectively.

A close look at the Table 3 indicates that complex formation
induces a small elongation of the O-H and C=0 bond lengths and
decrease of C-O bond length. For the EC dimer, DFT (B3LYP)
calculations suggest that the O-H and C=0 bond lengths in-
crease by 0.029 and 0.020 A, respectively, while the C-O bond
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Figure 4. The optimized conformations of fluoroacetic acid dimers
at B3LYP/6-311++G(d,p) level of theory.

shortens by 0.036 A. The HF calculations predict an increase
of 0.013 and 0.014 A in the bond lengths of O-H and C=0,
respectively, and a decrease of 0.023 A in the C-O bond length.
In addition, MP2 calculations show that the O-H and C=0
bonds increase by 0.023 and 0.016 A, respectively, while the
C-O bond shortens by 0.032 A. A quite analogous effect was
found for BC dimer. (See and compare Tables 1 and 4). The
effect of fluorine atom on geometrical parameters in fluoroacetic
acid dimer can be compared with acetic acid dimer. The aggre-
gation in acetic acid causes O-H and C=0 bonds increase by
0.019 and 0.015 A respectively, while the C-O bond decrease
by 0.031 A calculated at MP2/6-31G(d) level of theory.20

Moreover, comparison of C2-O3-H4 bond angle between EC
monomer and dimer show an increase by 1.8, 2.9 and 2.5 de-
gree at the HF, DFT and MP2 methods, respectively. A similar
change was found between BC monomer and dimer.

The results of calculated interaction energies for the BC
and EC dimers are presented in Table 4. Interaction energies
are calculated for the FCH,CO-H dimers by taking the energy
difference between the fragments and the complex. Among the
two hydrogen bonded dimers, the more stable one was found
to be EC dimer with interaction energies 13.92, 16.92 and 13.51
kcal/mol using HF, DFT and MP2 methods, respectively. The
relative stability of EC dimer over BC dimer was found to be
0.46, 0.39 and 0.49 kcal/mol by HF, DFT and MP2 methods,
respectively. The optimized conformations of EC and BC dimers
represented in Figure 4.

The substituent effect can be analyzed by comparing the
binding energies of acetic acid and fluoroacetic acid. The pre-
viously reported binding energy of cyclic and symmetrical dimer
of acetic acid calculated at B3LYP/6-311G(d,p) level was
found as 15.85 kcal/mol."” Our calculations show that with re-
placing of one hydrogen with an electronegative substituent
(F atom), hydrogen bonding strength decreases. This finding is
in accordance with our previously reported finding in substituent
effect on hydrogen boning strength of cyclic tetrazole dimers.”

Vibrational analysis. The carboxylic acids usually exist as
centrosymmetric dimers in crystals with the center of inversion
within the eight-membered ring formed by two carboxyl group
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(Figure 3). Vibrational analysis is a useful tool to study the
H-bonded clusters. The prediction of the vibrational behavior
of FCH2CO;H monomers and dimers was based on B3LYP/
6-311++G(d,p) results, performed on each stabilized geometry.
The frequencies obtained were then scaled by using a scaling
factor,”*>> 0.9614, which should give good agreement between
experimental and theoretical results. Table 5 contains the cal-
culated vibrational frequencies of most favorable conformers
of FCH,CO,H monomers with their assignments. The highest
frequency v(OH) was observed for conformer ET. The sym-
metrical C-H stretch was found to be 2934.6, 2906.5, 2939.5
and 2961.5 cm' for EC, ET, BC and BT isomers, respectively.
The calculated C=O stretching for EC-BT monomers was found
as 1782.4, 1809.9, 1744.7 and 1785.0 cm ", respectively.
Changes were observed in the calculated vibrational spect-
rum of fluoroacetic acid from monomers to dimers and they
may confirm the results which were obtained on the basis of
the calculated geometries and hydrogen-bonding energies. The
resulting difference between vibrational frequencies of dimers

Bull. Korean Chem. Soc. 2010, Vol. 31, No.4 945

and monomers calculated at B3LYP/6-311++G(d,p) are collect-
ed in the Table 6. As you can see, all the vibrational modes in
hydrogen bonding region show a shift to low wavelength as
compared to the individual molecule, a feature that may be
attributed to the weakening of the individual bonds along with
the charge separation on dimer formation. As can be noticed in

Table 6. Selected calculated stretching vibrational frequencies (cmfl)
and changes (Av) in the IR frequencies from monomers to dimers of
fluoroacetic acid

EC BC
) Av ) Av
v5(OH) 3018.8 -621.8 2991.7 -637.9
v(C=0) 1678.3 -108.3 1640.7 -108.2
v(0—C) 1218.9 118.4 1274.4 137.1
v5(C—F) 1064.9 12.3 1051.0 8.9
v(C—C) 863.8 354 859.2 38.0
Vss(CH2) 2933.9 -0.7 2936.7 -0.72

Table 5. The experimental wavenumbers obtained from the IR of difluoroacetic acid and corresponding scaled theoretical wavenumbers of the

trans and cis conformers of this molecule calculated at B3LYP/6-311++G(d,p)

EC

exp ET BC exp BT exp
36166 3566 u(OH) 36448 v(OH) 36050 3555 u(OH) 35953 3556 u(OH)
2980.0 va(CH) 29505 va(CH,) 2985.0 v(CH,) 3017.2 va(CH,)
2934.6 v(CH) 29065 v, (CH) 2939.5 (CH) 2961.5 v(CH)
17824 1811 v(C=0) 1809.9 v(C=0) 17447 1779 v(C=0) 17850 1804 v(C=0)
14158 1443 CH, scis 14209 CHa scis 14135 CH, scis 1411.7 CHs scis
CH, wag, CH; wag, CH, wag,
13663 1412 CHawag v(0-0) 13526 g Sa® o 13481 1397 [ M8 13207 1369 5t 0.0
12589 1304 3E8f{cc)é:0) 12232 §(OHC), v(0-C) 13203 1357 v(0-C) 12092 1328 §(OHC), v(O-C)
1211.1 o CH, 12191 pCH,,CHytw 12174 o CH, 1195.4 p CH,, CH; tw
W(C-F), 3(OHC), 8(OHC), v(0-C), ) §(OHC), v(0-C),
11050 1119 Ve 10878 D) 11425 1163 §(OHC), v(0-C) 1154.6 O
W(C-F), v(O-C), CH, wag, v(0-C), ) CH, tw, C=0,
10530 1086 gyl 10570 § @R Shey " 104231082 w(C-P) 9867 1035 ;o
992.0 CH; tw, C=0, o846 CHotW.C=0, geg¢ CHtw, C=0,  gg 3 W(C-F)
0op wag 0op wag oop wag
8298 862 v(O-C),CCFscis 830.8 u(C-C),0(C-0) 8227 857 u(C-C),u(C-0) 830.5 860 v(C-C),u(O-C)
6134 613 “OH.(C=0) 6270 OCOdel, CCF (o3¢ 649 TOML(C=0) 5, «(OH)
’ 00p wag ) scis, p C=0O ' 00p wag )
C=0, CCF scis, 0CO def, 0CO def,
609.1 00 541.6 (OH) 5792 599 (P e oo 5982 CCF s, p C=0
C=0 oop wag, _
C=0 oop wag, OCO def, C=0 oop wag,
4745 492 ) ooP 4398 Ocp et 4927 507 gléﬁ:v WOH)., 5196 534 oS
_ p C=0 ,v(C-C), p C=0 ,v(C-C),
4412 889 def, ccy 3544 gHOn‘;Op ‘g{g 472.1 CCF scis, 473.7 CCF scis,
sets, viL- 21w, p AL 0CO def 0CO def
. CCEF scis, CCEF scis, CCEF scis,
247.0 CCF scis, 0CO def 2485 ) S00 2459 OO 2724 OO
%(C-C), CH; tw, %(C-C), CH; tw, p %(C-C), CH, tw, %(C-C), CH, tw,
78.9 G 650 O 52.6 i, 99.4 i,

wag: wagging, tw: twisting, p: rocking, t: torsion, v: bond stretching, 8: in plain angle bending, scis: scissoring.
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our analysis, the calculated vibrational spectra of dimers EC
and BC give evidence of the formation of strong hydrogen
bonds involving two O-H:--O=C. For the two dimers, elonga-
tion of O-H bonds results in downshift of the stretching vib-
rational frequencies. A close look at the Table 6 shows that BC
dimer exhibits a greater shift than EC dimer. The C=0 stretching
is red shifted by —108.3 and—108.2 cm ' for EC and BC dimer,
respectively. The C-O stretching frequency is blue shifted by
118.4and 137.1 cm' for EC and BC dimers, respectively. The
C-H stretching frequency shows a slight change on hydrogen
bonding (see Table 6).

NBO analysis. To estimate more precisely the nature of
proper hydrogen bonds, we have performed detailed NBO anal-
ysis. The nature of the intermolecular hydrogen bonds was
analyzed within the framework of the NBO procedure. Table 7
compiles donor-acceptor interactions and their second order
perturbation energies E®.

Estimates of the second-order perturbative charge-transfer
energies listed in Table 7 reveal large contributions arising from
the interaction of the lone pairs of the carbonyl oxygen and
O-H antibonding (c*) orbitals. The interactions between the
second lone pair and the O-H (c*) orbital are larger than the one
between the first lone pair and the O-H (c*). Based on results
collected in Table 7, it is clear that dimer BC has stronger hy-
drogen bond than EC.

Since the hydrogen-bond properties are sometimes evaluated
by charge distributions, we considered the atomic charges for

Table 7. Second-order perturbation analysis of the interaction between
electron donor and acceptor orbitals in NBO Basis of complexes BC
and EC calculated at different levels.

HF B3LYP MP2
EC BC EC BC EC BC

LP (1) O1—c*O3H4 6.67 6.99 892 898 997 10.36
LP(2) 02— ¢*O3H4 8.02 8.77 19.09 19.82 19.37 20.14
LP (1) O3— n*C102 10.88 11.37 9.21 0.54 10.77 11.12
LP (2) O3— n*C102 75.48 84.54 57.92 63.23 75.63 85.01

The atom labels are defined in Figure 3. Because of symmetry, results are
shown only for one of the monomer units in the dimer.
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the included atoms for better understanding of the problem. The
calculated values NBO charges using the Natural Population
Analysis (NPA) at optimized structures of fluoroacetic acid
monomers in the gas phase are given in Table 8. The calculated
charge distributions for dimers resulting from hydrogen bond-
ing are presented in Table 9. It can be observed that, due to
complexation, hydrogen atoms involved in hydrogen bonding
gain more positive charges, the oxygen atoms acting as hydro-
gen acceptor gain more negative charges, and the charges on
the oxygen atoms acting as hydrogen donor diminish as com-
pared with monomers. However, the charges on atoms that don’t
participate in hydrogen bonding slightly changed (see Table 9).

AIM electron density at bond critical points. The “atoms in
molecules” theory of Bader (AIM)™ is a very useful method for
the estimation of hydrogen bond energy.””~ The Bader theory
is based on topological properties of the electron density (py),
and Laplacian of the electron density (V’py) at the bond critical
points (BCP) of two hydrogen bonded atoms. The atomic inter-
actions were classified in two general classes, shared inter-
actions and closed-shell interactions. The shared interactions
(as in covalent and polar bonds) are caused by a contraction of
the charge density towards the line of interaction linking the
nuclei. For these interactions the electronic charge is concent-
rated in the internuclear region with V>py, < 0. The closed-shell
interactions (as in Hydrogen bonds and van der Waal’s inter-
actions) are governed by the contraction of the charge density
toward each of the interacting nuclei. In this case, the elect-

Table 9. NBO charges for EC and BC dimers calculated at the
B3LYP/6-311++G(d,p) level

HF B3LYP MP2
EC BC EC BC EC BC
01 -0.727 -0.762 -0.639 -0.670 -0.741 -0.776
C2 0935 0.941 0.791  0.792 0.948 0.955
03 -0.756 -0.728 -0.685 -0.654 -0.767 -0.737
H4 0537 0535 0.515 0.513 0.542 0.540
C5  0.085 0.085 0.002  0.003 0.079 0.080
F6 -0.400 -0401 -0368 -0371 -0.404 -0.406
H7 0.164  0.165 0.192  0.193 0.171 0.172
H8 -0.727 -0.762 -0.639 -0.670 -0.741 -0.776

Table 8. NBO charges for EC-BT monomers calculated at the B3LYP/6-311++G(d,p) level

0O, C, (X} H,4 Cs Fs H, Hg
HF -0.650 0.900 -0.751 0.493 0.084 -0.400 0.161 0.161
EC B3LYP -0.561 0.758 -0.695 0.489 -0.003 -0.368 0.190 0.190
MP2 -0.656 0.907 -0.758 0.496 0.078 -0.404 0.168 0.168
HF -0.613 0.889 -0.728 0.470 0.072 -0.393 0.151 0.151
ET B3LYP -0.525 0.751 -0.674 0.468 -0.020 -0.362 0.181 0.181
MP2 -0.618 0.894 -0.732 0.469 0.067 -0.398 0.159 0.159
HF -0.686 0.907 -0.721 0.491 0.083 -0.404 0.165 0.165
BC B3LYP -0.594 0.760 -0.662 0.487 0.003 -0.373 0.193 0.193
MP2 -0.693 0.915 -0.727 0.493 0.076 -0.408 0.172 0.172
HF -0.651 0.897 -0.721 0.494 0.066 -0.429 0.172 0.172
BT B3LYP -0.558 0.752 -0.662 0.490 0.023 -0.397 0.199 0.199
MP2 -0.658 0.903 -0.726 0.496 0.061 -0.435 0.180 0.180
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Table 10. Analysis of O1-H4 and H4---O1' bond critical points in the
fluoroacetic acid All quantities are in atomic unit

EC BC
Bond 2 2
Vo Po Vipy Po
O1-H4 -0.223 0.320 -0.222 0.330
H4---01' 0.135 0.046 0.136 0.047

po is the value of the electron density at the bond critical point, Vzpb is the
second derivative of the electron density.

ronic charge is depleted in the interatomic surface with V>p;, > 0.
To obtain additional information about the strengths of the
O---H hydrogen bonding in EC and BC dimmers, we under-
took AIM study of the electron density at bond critical points.
Table 10 contains the electron density at H-bond critical points
as well as at the H-O bonds in two dimers calculated at B3LYP/
6-311++G(d,p) level of theory. The HBs in EC and BC are
symmetrical and the calculated p, and v pp for both O---H
bondings are obtained as identical. The O---H hydrogen bonds
in above-mentioned dimers exhibit properties of low p, and
positive Vzpb typical of closed-shell interactions, whereas the
H-O bonds have features typical for covalent interactions.

As shown in Table 10, the values of p, for H4---O1" in the
complex EC and BC are 0.017 and 0.020 a.u., and those of Vpy,
are 0.135 and 0.136 a.u., respectively. All Vzpb at BCPs are
positive, which indicate they are closed-shell interactions. In
addition, the electron density of bond critical points fall 0.002 -
0.04 a.u., satisfying the criteria proposed by Popelier for hydro-
gen bond formation.*’

Proton transfer processes in the dimers. The proton transfer
reaction is a very important biochemical process, which may
occur directly without any assistance of the solvent molecule
or assisted by one or more solvent molecule. In Figure 5 the
optimized structures of the transition states in proton transfer
reactions of EC and BC dimers obtained by B3LYP method
are presented.

The activation energies for hydrogen transfer reaction bet-
ween fluoro acetic acid dimer were found to be 6.51 and 8.14
kcal/mol for EC and BC dimers, respectively. These values are
slightly lower than activation energy that was calculated for
acetic acid dimmer at same level of theory (8.57 kcal/mol). One
can conclude that the lower barrier obtained for proton transfer
reaction in fluoroacetic acid dimer than in acetic acid dimer is
due to larger acidity of fluoroacetic acid, resulting from the
strong inductive (electron-withdrawing) effects of -F vs.-H. It
seems that the proton transfer in fluoroacetic acid dimer
involves simultaneous movements of two protons (double pro-
ton transfer).

Conclusion

The hydrogen bond interaction of 1:1 complex between
fluoroacetic acid and flouracetic acid has been analyzed by ab
initio, MP2 and B3LYP methods employing the 6-311++G(d,p)
basis set. Four monomers and two dimers were considered
and frequency analysis suggests that these structures are local
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Figure S. The optimized structures of transition states of hydrogen
transfer in the EC and BC dimers calculated at B3LYP/6-311++G(d,p)
level of theory.

minima. All methods predict that the order of stability is EC>
BC > BT > ET. The interaction energy of fluoroacetic acid di-
mers indicates that they enough to overcome the relative stability
of the monomers and dimer formation. In addition, comparison
of EC and BC dimers shows that EC is slightly more stable.

Complexation in FCH>CO-H causes changes in the geometri-
cal parameters in monomer so that carbonyl and carboxylic acid
hydrogen bond lengths increase. The dimerization of fluoro-
acetic acid leads to significant changes in the vibrational cha-
racteristics of the monomer unit. The large shifts of the most
sensitive aggregation vibrations (O-H and C=O0 stretchings)
confirmed the cooperative effect in the cyclic structures. NBO
analysis has been performed to calculate charges on atoms and
to explore the nature of the bonds of the clusters. In comparison
with acetic acid, it was found that replacement of hydrogen by
an electron withdrawing group leads to a decrease of strength
of hydrogen bonding. The AIM analysis of charge density show-
ed that the two studied dimers satisfy the criteria of hydrogen
bonding interaction. The proton transfer reaction in the dimmers
was studied and activation energies were calculated.
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