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Dimerization of Formic Acid—An Example of a “Noncovalent” Reaction

Mechanism

M. Gantenberg, M. Halupka, and W. Sander*!?!

Abstract: The pulse deposition techni-
que allows selectively the isolation of
monomeric or dimeric formic acid in
argon matrices at 7 K. Warming of

theory (DFT) calculations and gas phase
IR spectra taken from the literature, the
latter dimer A was identified as the C,-
symmetrical cyclic dimer. The unstable

dimer B was identified as the acyclic Cs-
symmetrical dimer. An activation ener-
gy of 2.3 kcalmol~! was calculated for
the B — A rearrangement at the B3LYP/

matrices containing the monomer M
from 7 K to 40 K results in the decrease
of M and formation of a dimer B. This
dimer is also labile, and further warming
finally produces a second dimer A. By
comparison with density functional

dimerizations
spectroscopy

Introduction

The knowledge of reaction mechanisms is a prerequisite for
the control of chemical reactions, the making and breaking of
chemical bonds. While a large amount of experimental
information on the formation of covalent bonds has been
collected over the last century, studies on mechanisms of the
formation of weak noncovalent bonds are much rarer. One
field that has been intensely worked on is the folding of
proteins from a heterogeneous ensemble of conformers to a
unique, homogeneous structure.l' 2 While the mechanism of
protein folding is still a challenge to experimentalists and
theoreticians, we are interested in small systems that allow
one to study the basic principles of the formation of multiple
hydrogen bonds with direct spectroscopic methods and
quantum-chemical calculations.

Formic acid is one of the simplest systems that forms two
hydrogen bonds, and due to its fundamental importance as the
simplest carboxylic acid its structure in the gas phasel! and in
condensed phases*'! has been subject to numerous inves-
tigations. In the gas phase the monomer and the dimer form
an equilibrium, in which the dimer is more stable by
14 kcalmol LI In contrast to most other carboxylic acids,
which retain the dimeric structure in the crystalline state, the
crystal structure of formic acid reveals an infinite, “polymer-
ic” structure.'? I The structure of the liquid formic acid is
fairly complicated and has been subject to some debate.
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6-311 ++ G(d,p) level of theory, which
is in qualitative agreement with the
experimental finding of a slow thermal
reaction under the conditions of matrix
isolation.

Besides the cyclic dimer, an acyclic “open” dimer,
polymeric chains,*>71% or a mixture of several of these
species have been postulated to be the main constituent of
liquid formic acid.

Matrix isolation is ideally suited to investigate the struc-
tures of conformers and weakly bound aggregates. The matrix
IR spectrum of monomeric formic acid with only a small
contamination by aggregates was published by Reva et al.l'¥
The most stable conformer of formic acid is the s-trans
conformer, which is 4.0 kcalmol~! more stable than the s-cis
conformer.™ Lundell and co-workers reported on the gen-
eration of the s-cis conformer by multiphoton IR irradiation
of the s-trans conformer in low-temperature matrices.l') Here
we describe a matrix isolation and computational study on the
stepwise dimerization of formic acid.

Results and Discussion

For the matrix isolation of pure monomeric or dimeric formic
acid we used the pulse deposition technique recently devel-
oped in our laboratory.l'] This technique allows one to
generate monomers or dimers by simply changing the
duration of a gas pulse (0.5-1% formic acid in argon),
expanding from a pressure of 1-2 bar into a high-vacuum
system. The gas mixture is trapped on top of a cold
spectroscopic window (CsI) at 7K. A very short pulse
duration (typically 0.3 ms) results in the formation of the
monomeric acid M in a purity of >95%, while a long pulse
duration (20 ms) produces the cyclic dimer A in 96 % yield
(Figure 1). In Tables 1 and 2 the matrix IR spectra for the
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Table 1. Experimental (argon matrix, 10 K) and calculated (B3LYP/6-311++G(d,p)) IR data of monomeric

formic acid M.

B3LYP/6-311++G(d,p) Argon, 10K Gas phasel®!
No. Sym. v [em™] I [kmmol ] v [em™] L) v [em™] Assignment
9 A’ 3737.9 62 3549.9 22.5 3567 Vou
8 A’ 3057.8 44 3066.0 11.6 2941 Ven
7 A’ 1816.0 398 1766.9 98.3 1775 Vo
6 A’ 1403.3 2 - - - Och
5 A’ 1293.3 9 1215.2 16.8 1218 Ocon
4 A’ 1125.7 278 1103.5 100 1104 Vco
3 A 1050.1 2 - - - Yen
2 A” 678.4 160 635.1 63.5 640 Yo
1 A 630.2 44 - - - Soco

[a] Ref. [3]. [b] Rel. intensity based on the strongest IR absorption.

monomer M and the cyclic dimer A are compared to gas-
phase and density functional theory (DFT) calculated data.
The carbonyl region of the IR spectrum obtained after the
0.3 ms pulse deposition is dominated by the very intense
absorption of the monomer at 1767 cm~! with a less intense
shoulder at 1765 cm~! (Figure 1). This splitting of the carbonyl
stretching vibration in solid argon has been described
previously!" and is presumably caused by matrix site effects.
In addition, two weak absorptions at 1745 and 1728 cm™! are
observed, which do not belong to monomeric formic acid. The
band at 1728 cm™! is the most intense absorption after the
20 ms pulse deposition and is readily assigned to the carbonyl
vibration of the cyclic formic acid dimer A by comparison to
literature data.l'¥l The band at 1745 cm~! is found as a weak
absorption after both the 0.3 and the 20 ms deposition, and
the intensity depends much on the exact conditions of the
deposition (window temperature, concentration of formic
acid in argon etc.).

In a previous publication'” we tentatively assigned the
band at 1745 cm™! to unspecified higher aggregates of formic
acid. Recently, Spinner questioned this and reassigned the
absorption to an acyclic formic acid dimer.'! His main
argument was that higher aggregates should be more abun-
dant under the conditions of dimer formation than under
conditions which mainly result in monomer formation. To
clarify this point, we directly monitored the aggregation of

Abstract in German: Die gepulste Deposition erméglicht die
selektive Isolation der monomeren oder dimeren Ameisen-
sdure in festem Argon bei 7 K. Erwdrmung der mit monomerer
Ameisensiure M dotierten Matrizes von 7 auf 40 K fiihrt zur
Abnahme von M und Bildung des Dimers B. Dieses Dimer ist
labil und weiteres Tempern der Matrix fiihrt schliefilich zu
einem zweiten Dimer A. Durch Vergleich mit DFT-Rechnun-
gen und Gasphasenspektren aus der Literatur konnte das
Dimer A als das cyclische Dimer mit C,,-Symmetrie identifi-
ziert werden. Das thermolabile Dimer wurde als ein acyclisches
Dimer mit Cs-Symmetrie identifiziert. Die Aktivierungsbarrie-
re fiir die B— A Isomerisierung wurde durch Rechnungen auf
dem B3LYP/6-311++G(d,p)-Niveau zu 2.3 kcal/mol be-
stimmt, was in qualitativer Ubereinstimmung mit einer lang-
samen thermischen Isomerisierung unter den Bedingungen der
Matrixisolation steht.

1866 —
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monomeric formic acid M under the conditions of matrix
isolation (Figure 2, Table 3). The aggregation of the monomer
M was induced by warming the matrix from 7 K to 40 K with a
rate of approximately 1 Kmin~'. At7 K (¢=0) the diffusion of
formic acid is completely inhibited, and even within a time
scale of hours no change in the IR spectrum is observed. At
25K the intensity of the M absorption at 1767 cm™! starts to
decrease and the absorption at 1745 cm~! gains in intensity,
while the absorption at 1728 cm~! of dimer A remains almost
constant. Further increase of the temperature results in the
formation of dimer A, decrease of the monomer M, and
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Figure 1. a) IR spectrum of monomeric formic acid (bottom) and formic
acid dimer A (top) in argon at 10 K. The matrices were obtained by pulse
deposition of 0.5% HCOOH in argon and 0.3 ms pulse duration and 1%
HCOOH in argon and 20 ms pulse duration, respectively. b) Spectra of
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Table 2. Experimental (argon matrix, 10 K) and calculated (B3LYP/6-311++G(d,p))

IR data of the Cy,-symmetrical dimer A of formic acid.

above 40 K the band at 1745 cm™! also decreases.

This observation is in line with the assignment of

B3LYP/6-311++G(d,p) Argon, 10K Gas phasel! this absorption at 1745 cm™! to an acyclic dimer B
No.  Sym. v[em™] I[kmmol] v[em™] [4" v[em™] = Assignment  which is formed preferentially as the primary
24 B, 3261.5 2154 product of the formic acid dimerization. The more
23 A 3165.1 0 3100 ) stable dimer A is produced in a subsequent step
2 A, 30739 0 24301 voulven : :

e : - from dimer B. The same change of the relative
21 B, 3069.0 276 . .. fIR band £ . £
20 B, 1773.4 879 17283 100 1740 Veo intensities o ar.l s as a function o te.mperat.ure
19 A, 1706.7 0 was also observed in the C—OH stretching region.
18 A, 1461.5 0 The band at 1103 cm™! of the monomer decreases
1; iu 1‘3‘322 (1) 1445.6 0.1 don in intensity, the bands at 1131 and 1180 cm~' of
g - . .

15 B, 13917 44 13719 218 1364 Sen dimer B increase anfi later degrease, and the pand
14 B, 1251.6 375 12235 56.9 1215 Veo at 1224 cm™' of dimer A increases at hlgher
13 A, 1248.7 0 temperatures.
12 A 1091.4 63 1069.3 6.1 Yen The assignment of the three IR absorptions at
}(1) ]f\s 18;2; 202 000 10 o0 1745, 1180, and 1131 cm™! to the acyclic, Cs-sym-
o B 045.6 0 ' ' vou metrical dimer B was confirmed by DFT calcula-
8 Bi 712.0 43 710.6 174 699 doco tions at the B3LYP/6-311G++G(d,p) level of
7 A, 685.1 0 theory (Table 4). To directly compare the calcu-
2 Eu ;g(l)z 6(5) lated with the experimental IR data, a frequency
i A 5002 0 scaling of 0.973—which exactly adjusts the calcu-
3 Ai 176.7 8 lated C=O stretching vibration of the monomer to
2 A, 168.2 0 the experimental value—was applied to all vibra-
1 A 78.0 3

£

tions. With this scaling the C=0O stretching vibra-

[a] Ref. [3]. [b] Relative intensity based on the strongest IR absorption. [c] Complex

pattern due to Fermi resonance, ref. [3].

monomeric formic acid (bottom), dimer A (middle), and dimer B (top),

calculated % _the RLYP/6-311++G(d,p) level of theory.
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Figure 2. IR spectra of an argon matrix containing formic acid during the
slow warm up from 7 K (=0 min) to 40 K (=27 min). Bands assigned to
monomeric formic acid M, dimer A, and dimer B.
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tions of the C,,-symmetrical dimer A is predicted
at 1726 cm™!, close to the experimental value of
1728 cm~'. For the C=O stretching vibrations of
dimer B two absorptions at 1742 (s) and 1703 cm™! (m) are
predicted. Thus, the strongest band of B should be located
between the monomer and dimer A bands, which is in line
with the assignment of the band at 1745cm™! in the
experimental spectrum to the C,-symmetrical dimer B.

Table 3. Experimental (argon matrix, 10 K) and calculated (B3LYP/6—
3114++G(d,p)) carbonyl stretching frequencies [cm™']. The calculated
absolute intensities [kmmol~'] are given in parentheses.

Monomer M Dimer A, C,,

Dimer B, Cg

C=0 stretching
argon, 10 K
B3LYP/6-311++G(d.,p)

1766.9
1816.0 (398)

17283
1773.4 (879)

17448, -
17902 (701),
1750.3 (139)

scaled by 0.9730] 1767.0 1725.5 1741.9, 1703.0
C—OH stretching
argon, 10 K 1103.5 1223.5 1179.7, 1131.1

B3LYP/6-311++G(dp) 11257 (278) 1251.6 (375)  1203.7 (247),

1157.6 (287)

scaled by 0.9730] 1095.3 1217.8 1171.2, 1126.4

[a] Scaling factor chosen to reproduce the C=O str. vibration of monomeric
formic acid.

Another characteristic absorption of the monomeric formic
acid is the very strong C-OH vibration at 1104 cm™!
(calculation: 1095 cm™). In the cyclic dimer A this band is
shifted to 1224 cm™! (calculation: 1218 cm~!). Weak bands at
1131 and 1180 cm™! are assigned to the acyclic dimer B, again
in good agreement with the calculated values (1126 and
1171 cm™!, respectively). In Table 4 the complete set of
calculated absorptions for dimer B is given.

At the B3LYPI 20 [evel of theory using a large triple & basis
set (6-311++G(d,p))?Y and including zero-point energies
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Table 4. Experimental (argon matrix, 10 K) and calculated (B3LYP/6— hydrogen bond only, the stabilization energy of this species is
311++4+G(d,p)) IR data of the Cs-symmetrical dimer B of formic acid. expected to be about half of that of A, again in accordance
B3LYP/6-311++G(d,p) Argon, 10K with the calculated value of —74 kcalmol™'. The lower
No.  Sym.  v[em™]  [[kmmol™] v [cm™] Assignment  stahilization of B compared to A is also reflected in the
24 A 3729.9 71 Vo increase of the O—O distance across the hydrogen bonds from
23 Al 33972 900 Vou 2.698 A in A to 2.781 A in B (Figure 3). In the acyclic dimer B
22 A 31080 10 Ve a small stabilization is expected from the electrostatic
21 A’ 3044.2 91 Ve . . . .
20 A 17902 701 1744.8 Veo interaction of one of the aldehydic H atoms and an adjacent
19 A 1750.3 139 Voo carbonyl group.
18 Al 1432.0 2 Oon The B — A interconversion requires the rotation of one of
1 A: 1395.8 7 Ocn the formic acid molecules around its C=0 bond. This rotation
}g : gzgg 32 gg: igterchanges a stroongly interacting' OH grQup with a OH'~~- (0]
14 A 1203.7 247 1179.7 Veo distance of 1.701 A by a weeakly interacting H atom with a
13 A 1157.6 287 1131.1 Veo CH --- O distance of 2.399 A. A DFT calculation (B3LYP/6-
12 A 1087.0 3 Yen 31G(d,p)) of the relative energy as a function of this rotation
1(]) i 1222 2 13? Yen dihedral angle (Figure 4) reveals that a significant barrier of
9 A 7002 157 Z:: 3.9 kcalmol~! separates dimer B from A. With a larger basis
8 A 680.0 31 Soco set (B3LYP/6-311 ++ G(d,p)) and including ZPE the activa-
7 A 648.5 71 doco tion barrier drops to 2.3 kcalmol™! (Figure3) and the
6 A 1957 4 transition state is located at a rotation dihedral angle of
i i, fé: 23 106.5°. A barrier of approximately 2 kcalmol™' is in qualita-
3 A 1075 0 tive agreement with the observation of a thermal reaction at
2 A 101.4 4 temperatures as low as 40 K. In contrast to B, dimer A is
1 A" 62.8 4

completely stable under the conditions of matrix isolation and
even prolonged annealing at 40 K did not result in further

S . . aggregation.
(ZPE), the stabilization energy of dimer A is calculated to St
—13.3 kcalmol~!, in good agreement with the experimental
value of 14 kcalmol~.I'"l Since dimer B is stabilized by one ° | 44
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Figure 4. Relative energy and O—O distances during the A — B inter-
conversion of dimeric formic acid via rotation around one of the C=O
bonds, calculated at the B3LYP/6-31G(d) level of theory. @: changes in
energy; A: O1—03 distance; ¥: O2—04 distance.

Conclusion

Two dimers of formic acid can be trapped in solid argon, the
well known cyclic dimer A and the acyclic dimer B. The
assignment of IR absorptions of dimer B is in accordance with
the suggestion of Spinner!"®! and was confirmed by the direct
observation of the B — A interconversion. Dimer B is a real
intermediate with a small activation barrier towards the
rearrangement. This species is the building block of solid

TS AE=-5.1kcal mol™!

Figure 3. Geometric data of dimer A, dimer B, and the transition state
connecting the dimers calculated at the B3LYP/6-311++G(d,p) + ZPE

level of theory. Relative energies compared to two molecules of monomeric formic acid and has been postulated to be of importance to
formic acid. liquid formic acid. The matrix experiments clearly demon-
1868 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0610-1868 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 10
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strate that the dimerization of formic acid is a two-step
process with dimer B as an intermediate. It is thus reasonable
to postulate that low concentrations of B are also present in
liquid formic acid.

Experimental Section

A description of the matrix-isolation technique used is given elsewhere.*?]
The gas mixtures were prepared in a stainless steel gas-mixing unit. The
pulsed deposition unit, built similar to Chen’s®)l and Maier’s*l construc-
tion, was described previously.'’] To avoid uncontrolled aggregation of the
sample in the matrix during the deposition the spectroscopic window has to
be held at the lowest temperature possible (7 K). After the deposition, the
aggregation is initiated by simply switching off the helium compressor. This
leads to a ’free warm up’ of the matrix at a rate of approximately 1 Kmin=.
All spectra were recorded by using a Bruker Equinox 55 or IFS 66 FTIR
spectrometer with a standard resolution of 0.5 cm~'. Calculations were
performed on a workstation (Silicon Graphics Origin 2000, operating
system Irix 6.4) with the Gaussian 98 program package.?)
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