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Introduction

The hydrogen bond is one of the most important
interactions in nature. It is present in inorganic and
organic molecules and complexes, playing an important
role in the chemistry of life, e.g. water clusters, DNA
double helix, etc. Different kinds of hydrogen bonds
have been identified according to the classification
made by Gilli et al.¥* The Resonance Assisted
Hydrogen Bond (RAHB) is one of the strongest due to
the enhancing produced by the presence of some
degree of conjugation (for example hydrogen bonding
networks in proteins) but there is still some debate on
the nature of the interactions at play.a_5 The RAHB
forms between molecules (intermolecular) and also
inside the single molecule as internal hydrogen bonds
(IHB, intramolecular) and influences the molecular
structure.

Two similar families of molecules have been used as
model systems in the studies of intramolecular RAHB
systems: malonaldehyde and acetylacetone derivatives.
For all these molecules, the two tautomers, the enol
form and dialdehyde or diketone forms (keto form)
coexist, but RAHB occurs only in the enol form which is
the most stable tautomer in the gas phase. Cis enol
malonaldehyde (also called CCC form), depicted in
Figure 1a, is the simplest molecule with an IHB in a
pseudo aromatic ring system allowing a RAHB. It
explains the numerous and especially theoretical
studies on this molecule. Most of the works focus on
the proton transfer. Tunneling of the hydrogen between
the two oxygen atoms through the barrier is responsible
of the splitting of the energy levels. This splitting is thus
an important experimental data related to the H bond
strength.6 The tunneling splitting was measured for the
ground vibrational state,” ™ but it depends on the
vibrational level as observed in gas phase™* or in jet
experiments.‘g‘ﬁ_15 Experimental values of tunnelling
splittings for various vibrational modes are quite in
agreement with theoretical studies.® > Surprisingly, no
tunnelling was observed for the molecule embedded in

matrices™**® while it was detected for similar but
larger molecules in the same kind of matrices.””*
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Fi%ure 1: cis enol tautomers (CCC) of (a) malonaldehyde -MA- and (b) 2-
chloromalonaldehyde -2-CIMA-. The carbon atoms are labelled from one
left) to three (right). The three rotations giving the XYZ conformers
X,Y,Z = C or T) are shown by arrows. The distance between O and H in
the IHB is written (theoretical results from this work —see below)

Theoretical calculations predict eight stable enol
conformers, called XYZ with X,Y,Z = C for cis or T for
trans, obtained by rotation of 180° around the C;-C,, C,-
C; or/and C;-O bond respectively (see labels in Figure 1).
Only the CCC exhibits an IHB. The energy shift between
CCC and CCT forms gives an idea of the strength of the
IHB.*

The substitution of both ‘external’ H (attached to C, and
C;) by methyl groups leads to acetylacetone (AcAc).
There are also numerous theoretical and experimental
studies on this molecule.>*’ Again, the CCC form is
stabilized by RAHB. The barrier to H transfer is slightly
smaller than in malonaldehydes?”38 but the major
difference is that the transfer is coupled with internal
rotations of the methyl group537. Halogenated
derivatives of acetylacetone have also been studied to
investigate the influence of the substituent on the H
bond strength.sg_42 The comparison  between
chloroacetylacetone (3-chloro-pentane-2,4-dione,
CIAcAc) and acetylacetone is of special interest for us. A
stronger IHB was found in the chlorinated derivative,
explained by a steric effect.***?

Whereas malonaldehyde is a much simpler case than
acetylacetone the influence of different substituents to
the H atoms in its photodynamics as well as in its
hydrogen bond strength have been investigated only in
a few studies.”®*™. In particular, little information is
available on 2-chloromalonaldehyde (noted hereafter 2-
CIMA). Compare to malonaldehyde (noted hereafter
MA), this chlorinated derivative, depicted in Figure 1b,
shows a very similar RAHB with symmetric potential
wells in the H transfer. To our knowledge, only
theoretical works are published about the structure of
this molecule. They concern mainly theoretical
calculations on the CCC form with a focus on the
IHB 29434447498 o geometry, the barrier height for H
transfer and the associated splitting in the ground state
were calculated for different derivatives of MA obtained
by the substitution of one of the H atoms in different
positions. Rios et al.* obtained an estimation of the
ground state splitting of 22 cm™ for MA, in good
agreement with experimental data,g'10 and of about 12
cm™ for 2-CIMA. The chlorine has different effects
depending on its position: (i) electron withdrawing due
to its electronegativity, (ii) electron donor through its
lone pairs, one lone pair can participate to conjugation
of the 1t system or can make a H bond (IHB or external),
and (iii) steric effect on the neighbors because of the
large size of Cl compared to H. The substitution of a
chlorine atom on the a—position (C,, see Figure 1) does
not enhance the conjugation effect. The distance
between chlorine and the closer H atom in the CCC
conformer is large enough to avoid an IHB between
them. All these theoretical studies predict that for an
isolated molecule, chlorination in o-position should
weaken the H bond.

This paper presents the first spectroscopic study of 2-
CIMA, allowing to check this assumption. The
vibrational spectroscopy gives access to an investigation



of the influence of the IHB on the structure and
dynamics of H transfer in 2-CIMA. IR and Raman
spectroscopies were combined to collect a large set of
vibrational data. Trapping in different cryogenic
matrices was achieved: para-hydrogen (pH,) matrix, a
soft solid in which large amplitude motions of a guest
are preserved,49 neon matrix, the least perturbing
matrix in terms of vibrational frequencies compared to
gas phase values and argon matrix, a more rigid solid
with different sizes for the guest sites widely used in
matrix isolation spectroscopy.

The H transfer in the CCC form can be more or less
hindered depending on these environments. In
addition, quantum chemical calculations were
performed to describe the structure of the molecule,
especially in comparison with MA, and to obtain
valuable predictions on vibrational frequencies, IR
intensities and Raman activities of all the vibrational
modes of CCC. Theoretical investigations were
performed using the density functional theory (DFT)
approach, with the MO06-2X functional and 6-
311++G(3df,3dp) basis set. The experimental and
theoretical methods are detailed in the Supporting
Information (ESI).

Results
Theoretical calculations

The geometry obtained for the CCC cis-enol of 2-CIMA is
of C, symmetry (Figure 1b). The geometrical parameters
are summarized and compared to those of MA in Table
1. The insertion of the bulky chlorine in a position does
not modify the structure of the carbonated skeleton,
which maintains its planarity. The slight differences in
angles and bond distances are consistent with the
expected slight decrease of the IHB in 2-CIMA. The most
important change, except C-Cl distance, is effectively
manifested in the —O-H---O geometry (d(O---H) is
indicated in Figure 1). One can notice that our results
are in good agreement with previous theoretical works
(see Tables 1 and 2 in ref. 29) and very close to the
structure deduced from experiments in the case of MA,7
included in Table 1 for comparison.

The energies of the enol conformers of 2-CIMA and MA
were calculated. A more detailed description of the
results will be given in a forthcoming publication
dedicated to the open enol conformers of 2-CIMA.>°
CCC is found to be the most stable conformer, as
expected, but two open enol forms appear to have only
slightly higher energies in the case of 2-CIMA: TTC and
CTC, at 7.0 kl.mol™ and 11.3 kJ.mol® above CCC,
respectively. Of interest are the relative energies of CCC
and CCT conformers, corresponding to the opening of
the IHB. The Zero-Point Energy corrected theoretical
energies for CCT, related to CCC are 45.4 kJ.mol™ for 2-
CIMA and 50.5 kJ.mol™ for MA, indicating a weakening
of the IHB upon chlorination.

Table 1: Geometries of MA and 2-CIMA in their enol CCC forms (Cs
symmetry), obtained in the present theoretical MO06-2X/6-
311++G(3df,3pd) calculations, compared with experimental data in the
case of MA.” Distances (R) in A, angles (A) in degrees. X=H/Cl in MA/2-
CIMA respectively. Numbering of C atoms is shown in Figure 1.

MA 2-CIMA

Exp.” Calc. Calc.
R(Cs-H) 1.089 1.084 1.083
R(C,-C3) 1.348 1.355 1.352
R(C5-0) 1320 1.312 1.314
R(C:-Cy) 1454 1.440 1.448
R(C2-X) 1.091 1.077 1.727
R(C:-H) 1.094 1.099 1.099
R(C;-0) 1.234 1.226 1.220
R(O-H) 0.969 0.990 0.985
R(O-H) 168  1.691 1732
A(H-C5-Cy) 1223 122.2 121.6
A(H-C;-0) 1135 114.4
A(C,-C5-0) 1245 1244 124.0
A(C+-C-C1) 1194 1193 120.7
A(Cs-C-X) 128.1 120.2 120.8
A(C+-O-H) 1063 106.8 107.7
A(C1-Co-X) 120.5 1185
A(C»-Ci-H) 1176 117.4 116.7
A(C»-C-0) 1230 1235 12255
A(H-C,-0) 119.1 120.8
A(C1-0-+H) 100.4 101.0
A(O-H---0) 1476 1457 144.0

The whole description of the vibrational modes
(wavenumbers, IR intensities, Raman intensities)
obtained in the present calculations is reported in ESI,
Table S1. The relevant values for comparison with
experiments are given in Table 2.

Experiments

Infrared spectroscopy of as-deposited samples

The IR spectra in the 700-1800 cm™ region of 2-CIMA in
argon, para-hydrogen and neon matrices are shown in
Figure 2 (panels a, b and c respectively). The calculated
spectrum for the CCC conformer is also shown in panel
(d). The spectra in the different matrices are similar and
the theoretical prediction of the CCC form is in good
agreement with them. This indicates that the CCC
conformer prevails as main structure, as expected from
the energy calculations, and that the assignment of the
CCC bands is made with high confidence. Table 2
reports the experimental vibrational frequencies of CCC
in the three matrices, together with theoretical values
and a short mode description.
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Fifgure 2: Infrared absorption spectra of as deposited 2-CIMA in (a) Ar (7K), (b) pH, (3 K) and (c) Ne (7 K) matrices. (d) Theoretical calculation (arbitrary units)
of CCC conformer in harmonic approximation with 0.968 scaling factor, a Lorentzian profile of FWHM=2 cm™ is used; * denotes bands belonging to open

conformers,

water bands.

One can notice that the O-H stretching mode, predicted
with a high IR intensity, is not observed because of its
huge broadening due to the IHB, similarly to the case of
malonaldehyde.

Comparison of experimental and theoretical spectra
shows that several bands of weak intensity cannot be
assigned to CCC. This is confirmed by UV irradiation
experiments in which photoisomerization of CCC is
observed.®®  These experiments combined with
theoretical calculations show that the bands marked
with an asterisk (*) in Figure 2 belong to the open enol
conformer of lowest energy: TTC. As discussed
previously, there are two open forms quite low in
energy, namely TTC and CTC. The population of these
forms at room temperature can be theoretically
estimated assuming a thermal equilibrium to about 6 %
of TTC and 1% of CTC in addition of CCC. Using the
harmonic intensities of isolated bands (TTC at 1150 cm™®
and CCC at 1232 cm™), we found slightly less than 10%
of TTC in all the matrices, and traces of CTC (about 1%)
are also detected in the region of its most intense band
(around 1615 cm"l). The presence of TTC and CTC in the
matrix is explained by the fast cooling of the gas mixture
on the deposition window when preparing the sample,
freezing the room temperature thermal equilibrium of
conformers. They are stabilised in the matrices and
their concentrations do not change with time, as it was
proved by the experiment where the matrix after
deposition was kept at low temperature for four days.
Their observation confirms the order of magnitude of
the calculated energies of the enol forms. 2-CIMA is
thus the first member of the S-aldehyde and f-diketone
families showing evidence of stable open enol forms in
the gas phase.

Besides the usual frequency shift from one host to
another, differences appear between the three
experimental spectra. Figure 3 zooms in on two bands
in the 1100-900 cm™ region. These bands are split in
doublets in pH, and in Ar with splitting of 8 ecm™ and 4-5
em™ respectively; they are not split in Ne and
correspond to the bands at 1070.6 and 916.5 em™ in
that matrix. A weak band, redshifted from the intense
band around 1345 cm™, is detected only in Ar and pH,
(at 1314 and 1317 cm™ respectively) and could be
considered as a low energy component of a doublet. At
last, a large splitting is observed on the most intense
mode predicted at 1584.9 em™: 46 em™ in pH, and 22
cm™ in Ar. In the heavier Ar, the observation of
structures in vibrational bands can be due to site
effects, but the similarities with the pH, spectrum
suggest another physical effect. In fact, site effects are
effectively observed in many bands in Ar (and less
pronounced in Ne), without splitting larger than 3 em™.
In pH, the site effect doublets are detected when fcc
and hcp ordering coexist,”* or when the amount of oH,
impurities is large. We annealed the pH, samples at 4.2
K and waited at least 2 hours to check the purity of our
hcp pH, samples: no evolution of the spectra appeared
thus proving that our pH, matrix consists only of one
type crystal. On the other hand, the lineshapes, the
values of the splitting and the intensity ratio did not
change with different amounts of water impurities, or
guest concentration (which remained always low)
excluding the attribution of doublets to complexes.
These doublets will be analyzed in the Discussion.
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Table 2: IR band positions (cm™) of CCC in Ne, pH, and Ar matrices,
compared with scaled harmonic calculated wavenumbers. Theoretical IR
intensities in km/mol and Raman activities in A*/amu. Values in italic
correspond to bands recorded in the Raman spectrum.

g W[o,os PH;:B)
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1060 940,
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Figure 3: Zoom of the 1100-900 cm™ spectral region showing the
splittings in Ar (a) and pH, (b) matrices of the two modes observed at
1070.6 and 916.5 cm™ in Ne (spectrum in panel c). Corresponding
normal modes are depicted.

Experimental® Calculations
Ne pH. Ar Mode CCC
descriptio
IR IR IR/Ram. b ¥, cm? IR R
int act
VvOH 32808 208 24
2917 2909.8 2910 vCH 31120 8 82
2875.1 28767 2885.8/2883 vC;H 20455 40 96
(vC=0 +
1670.2  1665.8  1664.7/1665 vC=C) 1716.6 175 13
(oph)
1608.8  1601.5/1598 SOH+
1587- (vC=0 +
15849 303 62
1575 15630  1579.3/1575 VC=C)
(iph)®
(8CiH +
1396.2  1397.0  1396.2 5C3H) 13921 28 1
(iph)
(8CH +
1347.7  1346.9 3C3H) 13421 31 9
(oph)
1346 1343.4/1344
1343.0 OH! 1339.2 110 24
1317 1314/1317
12336 12323 12290 00H + 12351 236 0.1
8C3H
10764  1070/1068  vC-C+
1070.6 sCCC+ 10708 83 6
1068.1  1066.1/1068 c.-C|
(yC:H +
1016 1013]1010  yCsH) 10169 4 0.4
(oph)
(’YC1H+
953.7 952.8 952.7|950.8 yC;H) 969.4 17 1
(iph)
9225 918
916.5 897.8 44 12
914.7 913.1/914
830.8 829.3 8235 yOH 837.4 87 1
505 A 500.6 16 5
474 A+ vC-Cl 4707 6 7
278 3CCl 2779 4 3
225 yC:H 212.3 6 1

3site structures reported as valuel|value2; °v- stretching, &-in plane
bending, y-out of plane bending, A-in plane ring deformation, (oph)
out of phase, (iph) in phase, T-out of plane ring deformation,
labelling of carbon atoms from Figure 1;° a resonance with SOH+
8CCC (233 cm™) and ¢ a resonance with (yC;H +yCsH ) (iph) + T
(369 cm™) appear in anharmonic calculations.

The last remark on the IR spectra concerns the structure
of some vibrational bands due to the presence of the
two stable isotopes of chlorine atom, ¢l and 37CI, with
75.78 % and 24.22 % of natural abundance. Theoretical
calculations were performed for both isotopologues.
The frequency differences are very small and cannot be
observed for most of the modes except for those in
which the C-Cl stretching has a quite high relative
weight. The largest difference is expected for the mode
predicted at 470.7 cm'l, corresponding to the C-Cl
stretch, not recorded with our FT-IR setup but observed
in Raman (see below). Experimental observable
differences have been measured for two other modes
as well. These modes correspond to the two doublets
previously discussed and shown in Figure 3. When
looking carefully, each component of the doublet
presents a shoulder in the low wavenumber side,
assigned to the cl isotopologue. The shift of 1.1 cm™
for the mode at 1070.6 cm™ (in Ne) is in agreement with
the theoretical value of 1.2 cm™. For the mode at 916.5
cm™ (in Ne) the theoretical value of 0.3 cm™is smaller
than the experimentally observed at 0.6 cm'l, but is still
in the uncertainty error. The ratios between the
intensities of each component in those modes are
closer to 0.33, the theoretical expected value.

Raman spectrum in argon matrix

Raman spectrum was recorded after deposition as a
complementary experiment to FT-IR. The spectrum was
hard to obtain for this molecule because of its low
vapor pressure, even at 80°C. It is shown in Figure 4
along with the theoretical Raman spectrum of the CCC
conformer for comparison. The spectrum covers a more
extended range than IR spectra in the low region of
wavenumbers. As the selection rules are different, the
intensities of the Raman bands differ from those of the
IR bands. The Raman spectrum leaves no doubt about
the presence of the CCC conformer. The match is good
for most of the theoretical normal modes. In the low
frequency side, the C-Cl stretch at 474 em™ s clearly
visible. This mode, the most sensible to the isotopic
effect, shows two components separated by 6 em™ as
theoretically predicted. A broad and structured feature
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is observed on the intense mode predicted at 1584.9
cm™ that exhibits a splitting of 22 ecm™in IR. This feature
is slightly red shifted from the IR values. Due to the
higher concentration compared to samples in FT-IR
experiments, presence of dimers or clusters in the
sample could not be excluded, and could explain this
behavior. Only the second component of the 918-913
cm™ doublet is observed in Raman despite the 2 em™
resolution and the band is quite broad. A weak, broad
and not well defined band is observed around 1068 cm™
in the range of the 1066-1070 cm™ doublet.

As for the IR spectrum, there are some extra bands. We
identify the presence of slightly less than 10 % of TTC as
in the IR spectrum of the deposited sample.

Ar a)

474 488

ol 2
A ey,
e

. b N I
T TeT eTe .
g J\;\*' [ '

wW\A\VM““ Y vt
Theo. b)

L) Jt 11 JJL J
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Wavenumber (ecm’™)

Raman scattering intensity

Figure 4: Raman spectra of 2-CIMA in the low frequency region. (a)
experimental spectrum in Ar at 11 K, (b) scaled theoretical harmonic
frequency calculations of CCC conformer. Raman intensity is given in
arbitrary units. The band marked with * is attributed to O,.

Surprisingly, the remaining intense bands in the 1600-
1700 cm™ spectral range could belong to CTC and TCT,*®
giving also an estimation of about 8-10 % of CTC and
TCT in the sample. As TCT was not observed and only
1% of CTC was detected in the IR measurements, we
conclude that the laser used for Raman probably
induces photoisomerization. The measured Raman
frequencies of CCC are reported in italic in Table 2.

Discussion

The properties of 2-CIMA can be compared to those of

its parent molecule (malonaldehyde - MA) and those of

the simplest S-diketone (acetylacetone —AcAc) which

have been studied in similar experimental conditions in
. 26,31,35

previous works.

Strength of IHB

Various properties can be examined in order to
compare the strength of the IHB in a series of
molecules: geometrical parameters, conformation
energies, experimental spectroscopic parameters or
even harmonic frequency calculations.” The question of
tunnelling effects, strongly related to the strength of
IHB will be discussed in the following part.

Previous calculations have shown that the molecular
structure of 2-CIMA corresponds to a weaker IHB than
in MA with a larger O---O distance and a smaller O-H---O
angle. The presented theoretical results give the same
trend (Table 1). These two geometrical parameters are
reported in Table 3 for 2-CIMA, MA and AcAc using the
same theoretical method (M06-2X/6-311++G(3df,3pd)).
A coupling parameter was also introduced by G. Gilli

and P. Gilli* to quantify the cooperative effect in a
RAHB. This parameter, reported in Table 3, is linked to
the geometry of the molecule:

__Q
4= (1 (2).320)

where Q =q; +q; =dco —dc=o +dc—c—dc=c s
known as the coordinate of m bond delocalization.
Values approaching 0.5 indicates higher level of
delocalization. All these geometrical parameters show a
strength of IHB following 2-CIMA<MA<AcAc. A(2-CIMA)
is significantly lower than A(MA) and A(AcAc), indicating
a loss of cooperative effects in 2-CIMA.

Some theoretical estimations of the energy of the H
bond use the energy difference between the stable and
the transition states of the H transfer, or between the
cis and trans conformers (CCC and CCT).ZQ’44 The latter
energy can be extracted from the present calculations
showing the same trend as the molecular geometries
(Table 3).

There are several spectroscopic evidences of the
strength of an IHB. The most obvious one is the
broadening and a red shift of the OH stretching mode.
This mode is not observed in matrices for the three
molecules because of a too Ilarge broadening.
Nevertheless, some other bands are broadened, due to
the IHB, with a much less expressed broadening, but it is
difficult to compare the bandwidths from one molecule
to another. Firstly, spectra were obtained with different
experimental conditions. The best should be to compare
the bandwidths in pH, matrices, because site effects are
minimized in this solid, but there are no available data
on MA trapped in pH,. However, it is obvious that many
bands of AcAc are much broader than those of 2-CIMA
when the molecules are trapped in pH2,35'37 especially
clear for the intense modes around 1600-1650 cm™
corresponding to the same kind of modes in both
molecules. Secondly, there are two other large
amplitude motions in AcAc (torsion of methyl groups):
the observed broadening can also come from the
coupling with these hydrogen motions. Beside the shift
of the OH stretching mode, one can consider the
frequency shifts on the OH bending modes. Stronger is
the IHB, bluer is the frequency shift on these modes.
The in-plane bending motion (30OH) is delocalized in
many modes in the three molecules, depending on the
molecule, whereas the out of plane (yOH) bending
mode is well defined. The comparison between yYOH
values is thus more reliable as a “measure” of the
strength of the IHB. Values of YOH measured in Ne
matrices for the three molecules are reported in Table
3. All these data give the same trend. The IHB strength
decreases from acetylacetone to 2-
chloromalonaldehyde. The experimental data confirm
the theoretical studies. An electronegative atom in
a—position decreases the delocalization on the pseudo
aromatic ring, weakening the IHB.



Table 3: Parameters related to the strength of the IHB: d (O***O)

distance [A] , O-H***O angle [°], coupling parameter (X), relative
energies of the CCT conformer to CCC (AE [kJ/mol]) and experimental
frequencies of yOH [cm'l] in Ne matrix.

2-CIMA° MA  AcAc

d(0-+-0) 2.594 2.570 2.528

Angle O-H:--O 144.03  145.66 148.44

A 0.203 0.232 0.237
AE(CCT-CCC) 45 51 63
yOH 830 886%  948%

One can notice that the chlorination of AcAc in
a—position revealed an opposite effect’™? because of
specific steric effects due to the methyl groups.

Structures in vibrational bands of CCC

As mentioned in the Results section, the spectrum of
the chelated enol of 2-CIMA shows some puzzling
doublets for several bands. These doublets appear in
pH, and in Ar, but not in Ne. From our previous studies
on AcAc in pH2,36 we concluded that no site effect was
observed under our experimental conditions and a
similar conclusion is applied to the study of 2-CIMA in
pH,. Anharmonic calculations of 2-CIMA were
performed in order to check the possibilities of Fermi or
combination bands. A resonance between the intense
mode around 1600 cm™ and a combination mode was
found (see Table 2). In fact, the largest and intense
doublet in this spectral range (split of 46 cm™in pH, and
22 ecm™tin Ar) corresponds to a broad band in Ne, and a
vibrational coupling cannot be excluded in this case.
Another resonance appeared in the anharmonic
approach between the mode around 1345 em™ and
another combination of modes (see table 2). A
resonance between modes, slightly modified by matrix
effects, could be at the origin of the weak band
detected only in Ar and pH, in this range. On the
contrary, no resonance occurs in the region of the
clearest doublets shown in Figure 3, eliminating the
possibilities of Fermi or combination bands in their case.
Moreover, bands coming from these resonances could
be shifted in different matrices and show slightly
different intensities, but the regular disappearance in
Ne also denies this explanation. These doublets of
medium intensity correspond to well defined single
bands in Ne. The following discussion will be thus
focused on these two specific doublets.

A possible origin of these doublets is the presence of
tunnelling splittings due to the hydrogen transfer
between the two oxygen atoms as observed in jet
experiments with MA™. In spite of their absence in the
spectrum of MA in matrices, such tunnelling splittings
were observed in the IR spectrum of tropolone in Ar and
Ne matrices.”’ As mentioned before, a theoretical

estimation of the splitting in the ground state of 2-CIMA
gives a value of 12.2 em™, compared to 22 cm™ for MA
at the same level of theory.44 Considering this value
implies that at cryogenic temperature of 3 K, the lowest
level is the only one populated in pH,. If the tunnelling
splitting is much lower (or possibly reduced by the
matrix environment), few wavenumbers or less as in the
case of tropolone, both tunnelling levels in the ground
state are populated and doublets should come from
vibrational transitions towards two well separated
tunnelling levels in the vibrationally excited state. In
both cases, the observed splitting should reflect the
tunnelling in the vibrationally excited level.

The proton tunnelling splitting depends on the
vibrational level as observed in the study of tropolone27
> The H
transfer requires a rearrangement of the pseudo-cycle
favoured in modes implying skeletal deformation. The
two well defined doublets correspond to in-plane
modes exhibiting these deformations. The O---H
stretching related to the IHB is involved in both modes,
allowing an observable splitting in the excited state.
Moreover, from the description of the modes obtained
in our calculations, the two modes at play correlate to
totally symmetric modes in the G4 molecular symmetry
group. Their excitation should increase the tunnelling
splitting, following the “rules” discussed in Ref.18 in the
case of malonaldehyde. A deeper theoretical
investigation would be necessary to predict the effect of
the vibrational excitation of the various modes on the
tunnelling splitting, but the present basic results seem
to favour an important increase of the tunnelling
splitting only for these two modes in the [800-1800 cm”
1] spectral range — almost pure totally symmetric modes
in the corresponding C,, symmetry of the transient
species and O--O motion at play -. The tunnelling
splitting is reduced in Ar compared to pH, (from 8 to 5
cm™) because of a more intrusive Ar matrix. It means
that in any case (one or two populated levels in pH,),
both ground state levels should be populated at 7K in Ar
and that four bands should appear in the spectrum
shown in Figure 3a. The observed pattern is effectively
more structured in Ar than in pH, but it cannot be
assigned to the four expected bands if a splitting larger
than 3 cm™ is assumed in the ground level. Beside the
isotopic structure, the pattern is more structured in Ar
because of site effects. The attempts of temperature
effects in Ar were not conclusive because of a

or in the studies of MA in supersonic jets.1

broadening of the components, even at 15K, preventing
nice quantification of intensity ratios. The Raman
spectrum of Figure 4 is not of great help in the
assignments of doublets, first because of the slightly
higher temperature and second because of the higher
concentration, leading to a broadening of the bands.
Selection rules are different in IR and in Raman spectra.
One can notice than in the case of the doublet around
920 cm'l, the only band observed in Raman corresponds
to the less intense in IR, suggesting that the other
component is too weak to be detected. In summary, we
conclude that the comparison between pH, and Ar



matrices, with components of doublets of comparable
intensities in both IR spectra, whereas the spectra are
not recorded at the same temperature, is in favour of a
weak ground state splitting with population of both
levels even in pH,.

The absence of doublets in Ne means that the neon
environment prevents H tunnelling, as suggested in the
case of MA in matrices.”> No vibrational splitting was
found in the case of MA trapped in xenon, neon, argon
and nitrogen matrices.”*?® The authors concluded that
there is a strong environment effect on the tunnelling
proces:;.24 The quenching of the tunnelling splitting in
MA was even observed in Ar coated clusters. However,
proton tunnelling splitting in matrices was clearly
observed in the case of tropolone27, involving a weak
tunnelling splitting in the ground state (less than 1 em™
in the isolated molecule),53 and of 9-
hydroxyphenalenone (9—HPO)28, with a large tunnelling
splitting in the ground state (69 em™ in Ne).54 The
matrix induced quenching of the tunnelling splitting can
be due (i) to a reduction of the total symmetry in the
molecule/matrix system and a breakup of the
symmetric double well potential when the molecule is
in asymmetric sites, or (ii) to a dynamic friction on the
tunnelling coordinate hindering the transfer. The latter
effect is preferred in the case of MA.** There is a big
difference of molecular size between MA and 9-HPO or
tropolone, and thus between their respective trapping
sites. The chlorine atom is also rather large and the IHB
in 2-CIMA could be more isolated from the matrix atoms
than in MA, as suggested in the case of 9-HPO.** These
larger molecules are not embedded in the same sites as
MA and the coupling with phonons can be weaker. Our
experiments on 2-CIMA highlight a dependence on the
matrix host. This discussion suggests a stronger
interaction between 2-CIMA and the host in Ne than in
Ar and pH,, whereas it is well-known that Ne has the
weakest effect on the vibrational frequencies because
of its lowest polarizability. The observed effect would be
then related to a smaller lattice parameter in Ne than in
Ar and pH,. In a theoretical study of the proton
tunnelling in the isomerization of formic acid embedded
in Ar, Kr and Xe matrices, the authors highlight this
dependence on the size ratio between the guest and
the host: lighter is the noble gas, larger is the
rearrangement of the cage. > This study applied to 2-
CIMA in Ar and Ne could explain the disappearance of
the tunnelling in Ne. We undertook simulations of
trapping sites of MA and 2-CIMA in Ne and Ar matrices
to get a view on these geometrical questions. The
method of the performed classical molecular dynamics
is shortly described in ESI. Preliminary results are the
following. MA and 2-CIMA are trapped in well-defined
crystallographic planes in Ar, removing mainly 3 and (3
or 4) Ar atoms respectively, whereas the trapping sites
are more chaotic in Ne: 5 or 6 Ne removed for MA and 7
for 2-CIMA with vacancies in more than one
crystallographic plane. This difference is in agreement
with less molecular perturbations in Ar than in Ne.
Moreover, the Ar lattice seems to leave more place to

the proton transfer around 2-CIMA than around MA.
Examples of the main trapping sites obtained in Ar are
shown in Figure S1 in ESI. A deeper investigation is
necessary to extract valuable conclusions, but these first
attempts seem to confirm the role of site geometries on
the molecular properties of MA and 2-CIMA.

In conclusion, our data strongly suggest that the well-
defined doublets depicted in Figure 3 in Ar and pH, can
be understood in terms of tunnelling splitting in the
excited vibrational levels. Future work included
deuteration effects, temperature effects in other
matrices is planned. Nevertheless, it is not sure that
they will bring valuable information to confirm or infirm
the present discussion. On the contrary, our data are
fully pertinent for future theoretical investigations on
the isolated molecule.

Conclusion

Matrix isolation of 2-chloromalonaldehyde in different
cryogenic solids provides new experimental data on a
RAHB system.

The substitution of a hydrogen by a chlorine atom
modifies the structure but also the stability of the
different conformers. Theoretical results show that the
most stable enol conformer is the chelated one (CCC),
but experimentally, besides the CCC form, we have
detected two other conformers (TTC and CTC)
highlighting the presence of a weak bond between the
chlorine and the hydrogen of the hydroxyl group. This
weak interaction stabilizes these open conformers in
the deposited sample. Open isomers are especially
studied in a forthcoming publication devoted to UV
isomerisation of 2-CIMA in matrices, giving access to
their detailed IR spectra.

We show clear experimental evidence that chlorination
in the o—position in a pseudo-cycle decreases the
strength of the IHB. The RAHB system delocalized on
the cycle is weakened. This is illustrated by the
measured values of the frequencies of the bending out
of plane OH mode in the different matrices. This mode
is blue-shifted by the IHB, and the shift is smaller for 2-
chloromalonaldehyde than for malonaldehyde or
acetylacetone.

Nevertheless, the IHB remains strong enough to favor
proton transfer, and it could induce a tunnelling
splitting in the vibrational levels. We expected to see
them in pH, matrix because this medium preserves
large amplitude motions. We observed effectively
several doublets which can be the signature of this
tunnelling in specific vibrational levels while they were
absent in neon matrices. Doublets also exist in argon
matrices where substitutional sites are roughly of the
same size as in pH,. The splittings are smaller in Ar than
in pH,, in agreement with the softness of pH,.
Complementary experiments with deuterated species
would be of great interest, not only for the study of the
tunnelling splittings, but also for comparison of the IHB
strength with MA through the measure of the OD
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stretching frequency. This band is less broad than the
OH one and has been measured for MA in gas phase.”®
We could hope to see it in matrices as it was the case
for deuterated acetylacetone in Ne.”’
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