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Observation of Distinct Carboxylic Acid Conformers in 
Aqueous Solution
Giulia Giubertoni‡, Oleksandr O. Sofronov‡, and Huib J. Bakker*

AMOLF, Science Park 104, 1098 XG Amsterdam, The Netherlands

ABSTRACT: We investigate the molecular geometry of the carboxyl group of formic acid in acetonitrile and aqueous solutions at 
room temperature with two-dimensional infrared spectroscopy (2D-IR). We found that the carboxyl group adopts two distinct 
configurations: a configuration in which the carbonyl group is oriented anti-parallel to the hydroxyl (anti-conformer), and a 
configuration in which the carbonyl group is oriented at an angle of ~60° with respect to the hydroxyl (syn-conformer). These results 
constitute the first experimental evidence that carboxyl groups exist as two distinct and long-living conformational isomers in aqueous 
solution at room temperature.

The chemical impact of conformational isomerism has 
been recognized for a long time.1–6  The conformation change 
of a relatively small molecular group can have a large impact 
on the macromolecular structure. For example, the cis/trans-
isomerization of the amino-acid proline determines the 
conformation of the folded protein.7–11  Carboxyl groups play 
an important role in this respect as they form strong inter- and 
intramolecular hydrogen bonds that govern and stabilize 
macromolecular structures.12,13 As a consequence, the 
conformational isomerism of carboxylic acids has been 
intensely studied with different calculation techniques.14–17 
These studies predicted the existence of distinct conformational 

isomers of the carboxylic acid group in the gas phase and in 

aqueous solution. 

Up to now, distinct carboxyl group conformers have 
only been experimentally observed in rare-gas matrices under 
cryogenic conditions.18–20 Under these conditions, the chemical 
reactivity of the carboxyl group was also observed to depend on 
its conformation.21 The carboxylic acid group adopts two 
distinct planar geometries in rare gas matrices at low 
temperatures, as illustrated in Fig. 1.18,19,22–24 In the syn-
conformer the O-H group is oriented at ~60° with respect to the 

Figure 1. Schematic picture of syn- and anti-conformers. 
Orange and green arrows indicate the transition dipole moment of 
the carbonyl, and hydroxyl vibrations.

Figure 2. a) Linear infrared absorption spectrum of a 0.5 M 
solution of formic acid in deuterated acetonitrile. The spectrum 
shows two distinct narrow bands at 1730 cm-1 and 1754 cm-1, and 
a broad band around 2430 cm-1 with a shoulder at 2380 cm-1. b) 
Linear infrared absorption spectrum of a 0.3 M solution of formic 
acid in D2O. The spectrum shows a C=O stretch band around 1700 
cm-1 with a shoulder at 1724 cm-1, and a band at 2030 cm-1 that is 
part of the broad and structured absorption spectrum of the O-D 
stretch vibration of formic acid. The solvent background 
absorption is subtracted in both the cases.
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C=O and in the anti-conformer the O-H is anti-parallel to the 
C=O. Molecular dynamics simulations showed that the high 
energy anti-conformer stabilizes under hydration, and that its 
equilibrium concentration in gas phase is negligible.16,17,25 

The anti- and syn- configurations were identified with 
linear infrared spectroscopy, which was enabled by the fact that 
the carbonyl and hydroxyl stretch vibrations of the carboxyl 
group have narrow absorption lines when the group is immersed 
in a rare-gas matrix at an extremely low temperature. In room-
temperature solutions, in particular in water, the carbonyl and 
hydroxyl stretch vibrations are strongly affected by the 
interactions with the surrounding solvent molecules, leading to 
a strong broadening of the absorption bands. In addition, at acid 
concentrations above ~3 M, the vibrations will also be affected 
by dimer formation.26–28 These effects preclude the study of 
conformational isomerism of carboxylic acids in aqueous media 
at room temperature with conventional linear infrared 
spectroscopy.

Here we use two-dimensional infrared (2D-IR) 
spectroscopy to study the conformations of carboxyl group of 
formic acid molecules in room temperature solutions. We study 
the coupling between the carbonyl (C=O) and hydroxyl (O-D) 
stretch vibrations for deuterated formic acid dissolved in 
different solvents, including water. We found that the 
measurement of this coupling reveals the relative orientation of 
the carbonyl and the hydroxyl groups, and thus forms a unique 
experimental test of the existence of conformational isomerism 
of carboxylic acids under bio-relevant conditions. 

In  Fig.2a and Fig.2b we show the linear infrared 
spectra of formic acid dissolved in deuterated acetonitrile and 
heavy water (0.5 and 0.3 M, respectively) in the frequency 
regions of the carbonyl (~1750 cm-1) and the O-D (~2430 cm-1) 
stretching vibrations. Acetonitrile is a weakly polar and aprotic 

solvent, and the measured response of formic acid in this 
solvent may be similar to that in an inert gas matrix, which was 
used in previous experiments.18,22,23 Comparison of the response 
of formic acid in acetonitrile with the response in (heavy) water 
will reveal the effect of hydration on the carbonyl and hydroxyl 
stretch vibrations. 
For formic acid in acetonitrile the absorption spectrum shows 
two distinct bands at 1730 cm-1 and 1754 cm-1. The similarity of 
this spectrum with that of a more dilute solution 
(Supplementary Fig.1) indicates that one of the bands is not 
likely the result of dimer formation. In the O-D stretch region 
we observe a broad band around 2430 cm-1 with an additional 
peak at 2380 cm-1. The latter can be assigned to a Fermi 
resonance of the O-D stretch vibration with the overtone of the 
C-O stretch vibration.19,22,29 For formic acid in water (Fig.2b) 
we observe a broad band for the carbonyl vibration around 1700 
cm-1 with a shoulder around 1724 cm-1. The absorption of the 
O-D vibrations is redshifted in heavy water30 compared to 
acetonitrile solution. The actual band is broad and shows 
different subbands. Because of the strong absorption of the O-
D stretch vibrations of D2O, we cannot resolve the full O-D 
stretch spectrum of formic acid.  However, the spectrum shows 
a distinct band at 2050 cm-1 corresponding to the O-D stretch 
vibration. The full O-D stretch absorption spectrum of formic 
acid can be seen in dimethyl sulfoxide (DMSO) solution 
(Supplementary Fig.3). The observed spectrum is broad (1900-
2300 cm-1) and has multiple peaks due to combined excitations 
of the O-D stretch vibration and the O-D…O hydrogen bond. 
Since DMSO and water are hydrogen-bond acceptors of similar 
strength, the part of the formic O-D stretch absorption that we 
can observe in D2O corresponds to the low-frequency part of 
the formic O-D stretch absorption spectrum observed in 
DMSO. 

Figure 3. a) Linear spectrum of a 0.5 M solution of formic acid in acetonitrile-d3  in the region of the carbonyl stretch vibration. b) and c) 
2D-IR spectra  at Tw=1 ps of the same solution when exciting the carbonyl stretching modes and probing the O-D stretching modes in parallel 
and perpendicular polarization configuration, respectively. d) Anisotropy of the A and S cross-peaks as a function of delay time between the 
excitation and detection pulses. Dashed lines are single exponential fits.
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We study the vibrational response of the carbonyl and 
hydroxyl stretch vibrations and their coupling with 2D-IR 
spectroscopy. The details of our 2D-IR setup can be found in 
the literature.31 In brief, we excite the carbonyl stretching 
vibrations with a strong femtosecond infrared pulse pair (~100 
fs, 5 μJ per pulse). This excitation induces transient absorption 
changes that are probed with a weaker (0.7 μJ) single 
femtosecond probing pulse that is delayed by a time Tw. In all 
experiments the excitation pulses are centred at 1720 cm-1 with 
a bandwidth of 200 cm-1, in resonance with the carbonyl 
vibrations. The probe pulse is centred at 2450 cm-1  to measure 
the response of the O-D stretch vibrations in deuterated 
acenotrile, and at 2050 cm-1 to measure the response of the O-
D stretch vibrations in heavy water solutions. The 2D-IR signal 
is recorded simultaneously with the probe in parallel and 
perpendicular polarizations with respect to the pump, which 
allows us to extract information on the relative orientation of 
the excited C=O vibration and the probed O-D vibration. 
In Fig.3b and Fig.3c we show 2D-IR spectra of formic acid in 
acetonitrile. The blue colored regions correspond to negative 
transient absorption changes (bleaching)  and the red colored 
regions to positive transient absorption changes. The spectra 
contain several cross-peak signals corresponding to frequency 
shifts of the O-D stretch vibration that are induced by the 
excitation of the carbonyl vibration. In both the parallel and the 
perpendicular 2D-IR spectra we observe cross-peak bleachings 
at 2380, 2423, and 2463 cm-1. We observe additional structure 
in the 2DIR spectrum at probe frequencies below 2400 cm-1, 
namely a decreased absorption near 2380 cm-1, and an enhanced 
absorption at 2340 cm-1.  These signals result from the 
frequency shift and/or bleaching of the aforementioned Fermi 
resonance of the O-D stretch vibration and the overtone of the 
C-O vibration, following the excitation of the carbonyl 
vibrations. The 2423 cm-1 and the 2463 cm-1 represent O-D 

stretching modes. It is clearly seen that the low-frequency 
carbonyl vibration at 1754 cm-1 shows a more intense cross-
peak (which we denote as A)  with the 2463 cm-1 O-D stretch 
mode in parallel polarization (Fig.3b). Similarly, the low 
frequency carbonyl vibration at 1730 cm-1 shows a more intense 
cross-peak (which we denote as S) with the 2423 cm-1 O-D 
stretch mode in perpendicular polarization (Fig.3c). 

To better illustrate the polarization dependence of the signals, 
we plot the anisotropy of the two cross-peaks as a function of 
the time delay between the excitation and probing pulses. Fig.3d 
shows that at all time delays between 0.3 and 2 ps the anisotropy 
of the S-cross-peak is negative, indicating that the C=O at 1725 
cm-1 is oriented at a large angle with respect to the O-D stretch 
vibration at 2423 cm-1. The A-cross-peak shows a positive 
anisotropy, indicating that the C=O vibration at 1754 cm-1 is 
oriented almost parallel to the O-D stretching vibrating at 2463 
cm-1. The relative orientations indicate that there are two 
distinct species of formic acid in deuterated acenotrile solution, 
with different relative orientations of the carbonyl and the O-D 
stretch modes. 

The anisotropy signals of Fig. 3d decay, probably as a result of 
the reorientation of the formic acid molecule. To extract the 
angle between the carbonyl and hydroxyl groups, we fit the 
anisotropy decays (Fig.3d) with a single exponential decay 
function. By extrapolating the fit to time delay zero, we 
determine the initial anisotropy R0, from which we calculate the 
angle with the following expression: 𝜃 = arccos (

. The two angles extracted from the anisotropy (5𝑅0 + 1) 3)
values (15±5° and 65±10 °) match well with the molecular 
geometries of the anti and syn configurations, respectively 
(Fig.1). Thereby these results demonstrate that formic acid 

Figure 4. a) Linear spectrum of a 0.3 M solution of formic acid in heavy water  in the region of the carbonyl stretch vibration. b) and c) 
2D-IR spectra  at Tw=1 ps of the same solution when exciting the carbonyl stretching modes and probing the O-D stretching modes in 
parallel and perpendicular polarization configuration, respectively. d) Anisotropy of the A and S cross-peaks as a function of delay time 
between the excitation and detection pulses. For comparison also the results of Fig. 3d are shown.  Dashed and continuous lines are single 
exponential fits.

Page 3 of 6

ACS Paragon Plus Environment

The Journal of Physical Chemistry Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



exists in distinct anti and syn configurations in room 
temperature solution. The extracted angles are affected by the 
fast inertial (librational) motion of O-D bond,32 which explains 
why the extracted angle for the anti-conformer is somewhat 
larger than expected (15° vs 0°). 

We find that the syn-conformation of formic acid in deuterated 
acetonitrile has a low-frequency carbonyl vibration and a low 
frequency hydroxyl vibration, while the anti-conformation has 
a high-frequency carbonyl and high-frequency hydroxyl 
vibrations. This finding agrees with the observations for formic 
acid in a low-temperature rare-gas matrix. By comparing the 
linear infrared and 2D-IR spectra (see Supplementary Figs.4-5), 
we find that the anti species accounts for 30%±5% of the total 
amount of carboxyl groups present in solution. The absence of 
a cross-peak signal between the different hydroxyl vibrations, 
which would indicate the transformation from syn to anti or 
viceversa, shows that the two species do not exchange within 
the lifetime of the vibrationally excited state (~6-8 ps). This 
finding is supported by the results of an experiment in which 
we excite and probe the carbonyl vibrations, and in which we 
also do not observe a cross-peak signal of the two carbonyl 
vibrations (Supplementary Figure 6). This outcome agrees with 
the results of molecular dynamics simulations that showed the 
presence of a large energy barrier (~11 kcal/mol)24,25 between 
the two species.

In Fig.4b-4c we show 2D-IR spectra of formic acid in 
heavy water solution in the cross-peak region where the 
carbonyl stretching modes are excited and the O-D stretch 
modes around 2050 cm-1 are detected in a parallel and 
perpendicular polarization configuration with respect to the 
pump. The spectral features are much broader and not as distinct 
as in acetonitrile solution. However, we observe again that the 
cross-peak of the high-frequency shoulder of the carbonyl at 
1724 cm-1 is stronger in parallel polarization (Fig.4b), while the 
cross-peak of the low-frequency carbonyl at 1694 cm-1 is 
stronger in perperdicular polarization (Fig.4c). An interesting 
observation is that the high-frequency carbonyl vibration now 
has a cross-peak with a lower frequency O-D vibration while 
the low-frequency carbonyl vibration has a cross-peak with a 
higher frequency O-D vibration. In Fig.4d we plot the 
anisotropy of the A and S cross-peaks in water, and we observe 
that the A cross-peak corresponds to a positive anisotropy value 
while the S cross-peak corresponds to a negative anisotropy. 
We thus find strong evidence of the existence of two  molecular 

geometries of formic acid in aqueous solution: a configuration 
in which the carbonyl makes a small angle with the O-D 
vibration (A cross-peak and anti configuration), and a 
configuration where the carbonyl vibration makes a large angle 
with the O-D vibration (S cross peak and syn configuration). 

An interesting question is why the 1724 cm-1 carbonyl 
vibration shows a cross-peak with a lower frequency O-D 
stretch vibration, and the 1694 cm-1 carbonyl vibration with a 
higher frequency O-D stretch vibration. This finding clearly 
deviates from what was observed for formic acid in acetonitrile 
and in a rare-gas matrix at low temperature. This observation 
can be explained from the difference in the strength of the 
hydrogen bonds between the O-D group of formic acid and the 
surrounding water molecules in the two configurations. In the 
anti configuration these hydrogen bonds are stronger than in the 
syn configuration. As a result, the O-D vibration undergoes a 
stronger redshift in the anti configuration than in the syn 
configuration, which overcompensates the intrinsically higher 
frequency of the O-D stretch in the anti configuration that was 
observed for formic acid in deuterated acetonitrile and in a rare 
gas matrix. A similar reversal of the O-D stretch vibrational 
frequency is observed for a solution of formic acid in DMSO 
(which is a similarly strong hydrogen bond acceptor as water), 
as shown in Supplementary Fig.6. This explanation is also 
supported by molecular dynamics simulations of acetic acid 
hydrates, that show that the anti-conformer is more strongly 
hydrated than the syn-conformer.25

In Fig. 4d we compare the anistropy values obtained 
for formic acid in heavy water with the results obtained for 
formic acid in deuterated acetonitrile. We observe that the 
negative anisotropy of the S cross-peak does not show a 
significant change by changing the solvent while the positive 
anistropy of the A cross-peak is somewhat lower in heavy water 
than in deuterated acetonitrile. This difference likely results 
from the fact that the spectral features are much broader in 
heavy water than in deuterated acetonitrile. Hence, the signal 
observed in the region of the A cross-peak has some 
contribution of the stronger S cross-peak for which the 
anisotropy has a negative value. An additional effect may be 
that the stronger hydrogen bonding of the anti configuration to 
surrounding water molecules leads to larger conformational 
fluctuations and thus a larger net deviation from a perfect 
parallel arrangement of the carbonyl and O-D groups. 

We estimate  from the amplitudes of the cross peaks 
that 25±10% of formic acid adopts an anti configuration in 
heavy water. Unfortunately, the precision of this estimation is 
lowered by the strong broadening of the carbonyl absorption 
band. The analysis of the more narrow carbonyl spectrum of 
formic acid in DMSO yields a similar fraction for the anti 
configuration of 30±5%. It thus appears that the character of the 
solvent does not change significantly the concentration, and 
thus the relative stability of the two formic acid conformers. 
This result indicates that the stronger hydrogen bond donated 
by the formic acid O-D group in the anti configuration 
constitutes only a small contribution to the overall stabilization 
of this conformer, or that this contribution is compensated by 
counteracting solvation effects of other parts of the molecule.

In summary, using femtosecond 2D-IR spectroscopy 
we demonstrate that formic acid adopts two distinct, long-living 
conformations in deuterated acetonitrile and heavy water 
solutions, denoted as syn and anti (Fig.5). We observed that for 

Figure 5. Illustration of the syn- and anti-conformers of formic acid 
in acetonitrile and in liquid water.

Page 4 of 6

ACS Paragon Plus Environment

The Journal of Physical Chemistry Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



formic acid in heavy water the frequency of the O-D stretch 
vibration is at a lower frequency in the anti configuration than 
in the syn configuration, which is opposite to what is observed 
for formic acid in deuterated acetonitrile. This difference 
indicates that the OD group of formic acid forms a stronger 
hydrogen bond to surrounding water molecules in the anti-
conformer than in the syn-conformer. We observe that the 
fractions of anti-conformer syn-conformer are 20-30% and 80-
70%, respectively, both in deuterated acetonitrile and in heavy 
water solution. The observation of distinct conformers of the 
carboxylic acid and their slow exchange at room temperature 
shows that these conformers are separated by high energy 
barriers. As a result, the presence of these conformers can have 
a large effect on the structure and dynamics of (bio)molecular 
systems. 

Methods

Sample preparation

The samples were prepared in a glass vial by adding formic acid to 
deuterated acetonitrile, heavy water, and dimethyl sulfoxide to reach the 
desired concentration. All the solvents were provided by Sigma Aldrich. 
Formic acid OD was purchased from Cambridge Isotope Laboratories. 

FTIR

All linear absorption measurements were performed using a Bruker Vertex 
80v FTIR spectrometer equipped with a liquid-nitrogen-cooled mercury-
cadmium-telluride (MCT) detector. The spectra were recorded under 
nitrogen atmosphere at a wavelength resolution of 2 cm-1. For every 
spectrum 100 scans were averaged. In all the measurements, a standard 
sample cell with a path length of 100 or 50 µm was used. The reported 
spectra were corrected for the absorption of the solvent background.

2DIR

In the 2D-IR measurements, we perform two color experiments by pumping 
at 1720 cm-1 and probing at 2450 or 2050 cm-1. The home-built setup that 
we use has been described  before31.   Briefly, the excitation is performed 
with a pair of femtosecond mid-infrared pulses, which are generated by a 
Mach-Zehnder interferometer. The pulses have a duration of approximately 
100 fs and a pulse energy of 6 μJ  The excitation pulse pair induces transient 
absorption changes that are monitored by a weaker probe pulse (0.35 μJ) 
that is delayed by a time Tw. After transmission through the sample, the 
separated parallel and perpendicular polarisations of the probe beam are 
sent into an infrared spectrograph and detected with two lines of an infrared 
mercury-cadmium-telluride (MCT) array detector, thus yielding the 
transient absorption spectrum as a function of the probe frequency. The 
dependence of the transient absoption spectrum on the excitation frequency 
is determined by measuring transient spectra for many different delay times 
between the two excitation pulses. By Fourier transformation of these 
spectra, we obtain the dependence of the transient absorption spectrum on 
the excitation frequency. By plotting the transient absorption spectrum as a 
function of the excitation and the probing frequency, we obtain a two-
dimensional infrared (2D-IR) transient absorption spectrum for each delay 
time Tw. 
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