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Vibrational Spectroscopies

M. P. M. Marques,’ A. M. Amorim da Costa," and Paulo J. A. Ribeiro-Claro*"*

Unidade Qumica-Fsica Molecular, Faculdade de Gieias e Tecnologia, Unersidade de Coimbra,
P-3004-353 Coimbra, Portugal, and Departamento dér@ioa, Uniersidade de Aeiro,
P-3810-193 Aeiro, Portugal

Receied: December 31, 2000

Raman, FTIR, and NMR (both’C and'’0O) spectroscopies are used in a complementary way in order to
study the occurrence of-€H---O intermolecular hydrogen bonds in liquid 4-ethoxybenzaldehyde (4EtOB).
Additional information concerning the structure of the possible dimers is obtained through ab initio calculations,
at the B3LYP/6-31G* level. The strongest evidences of the presence-6f- GO hydrogen bonds in the

liquid phase arise from the temperature and solvent intensity dependence of the two bands observed in the
ve=o region of the vibrational spectra, as well as from the shift to low magnetic field detected for the carbonyl
70O NMR peak at higher dilutions. Further evidence is gathered from the changes observedvinithe
vibrational modes, th&lcy concentration dependence detected in the NMR spectra, and ab initio results. The
experimental observations are consistent with the decrease ofthebGnd length upon hydrogen-bonding,

as predicted for the nonstandard blue-shifting hydrogen bonds. Ab initio calculations predict several possible
structures for the dimeric species, with nearly identical energies. The calculated dimerization energy is within
the —5.1 to —6.5 kJ mot* range, considering both basis set superposition error and zero-point vibrational
energy corrections, in agreement with the obtained experimamalalue of —5.7 & 0.5 kJ mot™.

Introduction Benzaldehyde derivatives are among the most interesting
. . carbonyl-containing systems. In benzaldehyde itsefHS-O

Itis nowadays well established that-€l---O close contacts  jose contacts have only been identified in crystalline inclusion
play an important role in a wide variety of chemical phenomena, compound$? but spectroscopic evidence of these hydrogen
from crystal packing and molecular conformations to supramo- ponds in the liquid phase has been found for some of its
lecular desigri> More exciting is the evidence that has been yerivativest® 15 In particular, for 4-methoxybenzaldehyde, the
accumulated in the past decade, showing that this particular kindpresence of a dimerization equilibrium, withH = —7.6 +
of interactions is of the utmost importance in the structure 0.9 kJ motL, has been detected from both temperature variation
activity relationships of biological systerfis® The occurrence Raman studiéd and 7?0 NMR spectrd? In turn, in 2-meth-
of C—H-+-O hydrogen bonds in the active sites of enzymes such qyyhenzaldehyde the vibrational data suggest the presence of
as serine hydrolasésnd their contribution to the helicoidal  c_...0 honded dimers in the liquid phase while a specific
structure of RNA moleculésare two relevant examples. jntermolecular CH-O contact has been identified in the solid
However, as most of the studies reported to date have beenby X-ray crystallography?
performed on crystal structures, based on both X-ray and neutron “y, the present work, the study of-&4--+O interactions in

diffraction data, information on the role of this type of e jiquid phase is performed for 4-ethoxybenzaldehyde (4EtOB:
interaction in the liquid phase is still scarce. Recently, the ¢qe Figure 1). BotA3C and’0 NMR, as well as FTIR and
presence of €H---O bonded dimers in liquids has been inferred paman, spectra are reported and discussed. Particular attention
from both experimental and theoretical results for several g given to the carbonyl stretching modec{o) and to the
hydroxyl- and carbonyl-containing molecule_s. In particular, carbonyl’O NMR chemical shift, which have been previously
Jedlosvszky and Turi used a Monte Carlo simulafidiased  proved to be useful probes of hydrogen bonding to the carbonyl
on previous ab initio resulfsto conclude on the importance of oxygen atord416-20 The nature of the €H donors is evaluated
C—H--+O hydrogen bonds in liquid acetic acid. By comparing rom poth the analysis of thec_ stretching region and the

the infrared spectra of_gaseous a_nd liquid methanol, Yukhnevich 13c NMR pattern. To obtain additional information concerning
and Tarakanova assigned particular spectral features to thepe structure of the dimeric species, ab initio calculations, at

formation of C-H-+-O bonds in the liquid phasé.Gil et al. the B3LYP/6-31G* level, were performed for a set of most
combined ab initio results and Raman spectra of liquid samples g|eyant interaction geometries.

in order to assess the effects of intramolecularHz--O
interactions on the conformational preferences of alkoxyethanol Experimental Section

i i 11
derivatives: Both 4-ethoxybenzaldehyde and the solvents used were of
analytical grade (obtained from Sigma-Aldrich) and used without
*To whom correspondence should be addressed. Phohg51- further purification
234370729. Fax:+351-234370084. E-mail: pclaro@ua.pt. The NMR t. Vari Unitv-500 Fouri
t Universidade de Coimbra. e spectra were run on a Varian Unity- -ourier
* Universidade de Aveiro. transform spectrometer (operating at external magnetic fields
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Figure 1. Chemical structure of 4EtOB, showing the atom numbering
and the possible conformers—d). The relative energies and dipole
moments of the conformers were computed at the B3LYP/6-31G* level
(see text). The absolute energy of conformer (a)-499.4181263
hartree/molecule.

of 2.97 and 1.60 T respectively féfC and'’O), in a 5 mm
broad-band probe, at 298 K. For th#& NMR experiments,
recorded without proton-decoupling, the G@keak was used
as an internal referencé & 96.7 ppm). Thé’O NMR spectra
were obtained with BD as an external referencé € 0 ppm).
Typically, spectral widths of 20 000 Hz, acquisition times of
0.4 s, pulse delays of-812 s, and ca. & 10° transients were wavenumber / cm™!
used when obtaining’C data. For'’O spectra (recorded with  Figure 2. Room-temperature Raman (a) and FTIR (b) spectra of pure
a standard Cyclops pulse sequence) the corresponding paramsolid line) and diluted 4EtOBx(= 0.1 in CCl, dashed line) in the
eters were 50 000 Hz, 60 ms, 0.032 ms°j9and 6x 10°. The region of the G=0O stretching modes.
1’0 chemical shifts obtained are accurate uﬁ:tbandiB ppm results previously obtained for 4-methoxybenzaldefydag-
for carbonyl and ethoxy oxygen atoms, re_spectwely. gests the assignment of the higher wavenumber component
Raman spectra were recorded on a triple monochromator(1700 cm?) to the free =0 group and the lower wavenumber
(Jobin Yvon T 64000) using a CCD (Jobin Yvon Spectraview component (1690 cri) to the hydrogen-bonded=€0 group.
2D).de'§ecto.r. The liquid samples were sea!ed in Kimax glass However, two other possible causes for the band splitting,
capillaries (i.d. 0.8 mm). The sample was illuminated by the 56l Fermi resonance and conformational equilibrium, must
514.5 nm line of an At laser (Coherent-Inova 90) with 50 mW be also considered and are presently discussed.
at the sample position. Th.e entry slit of the spectrometer was  gq; seyeral benzaldehyde derivatives, the presence of double
set to 20Qum, while the slit between premonochromator and 5y in the/e—o region has been ascribed to Fermi resonance
spectrograph was opened to 14 mm, yielding a resolution of oyeen thec—o mode and presumably the first overtone of
approximately 3 cm®. The error in wavenumber is estimated the out-of-plane (&)C—H bending modé® In 4EtOB, how-
to be smaller than 1 cnd. ) N ever, the observed intensity changes, either upon dilution or
The infrared spectra were recorded in the 4@000 cnt temperature variationshown in Figures 2 and 3, respectively
region, on a Mattson 7000 FTIR spectrometer, using a globar 5 ot support this assignment. In fact, the relative intensities
source, a DTGS detector, and potassium bromide cells. The o¢ 5 Fermi dyad are not expected to change so drastically without
spectra were collected in 32 scans with a resolution of ca. 1 significant shifts in the corresponding wavenumbers.

—1 L .
cm . The 4EtOB molecule presents distinct conformers, schemati-
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Ab initio calculations were performed using the Gaussian 98
program packag#, running on a personal computer. Molecular

cally shown in Figure 1 (with their relative energies and dipole

moments, calculated at the B3LYP/6-31G* level). Both the

structures of monomer and dimers were fully optimized at the C=0 and O-C(8) bonds lie in the plane of the aromatic ring

B3LYP/6-31G* level of calculatiod?-24 Harmonic vibrational

wavenumbers were calculated at the same level, using analytic

second derivatives, to confirm the convergence to minima on

and hence, two relative orientations are possible (hereafter
named cis and trans, for simplicity). In addition, the ethyl group
can adopt either anti or gauche orientations relative to the

the potential energy surface and to evaluate the zero-pointc(4)_o bond
vibrational energies (ZPVE). The calculated wavenumbers were 1,4 VYoo rﬁode may be sensitive to either the cis/trans or
always scaled by a factor of 0.95, which provides the best fit (1655 probably) to the antilgauche conformational equilibria,

with the experimental values. The basis set superposition error.

(BSSE) correction for the dimerization energies has been
estimated by counterpoise (CP) calculations, using the MAS-
SAGE option of Gaussian 98.

Results and Discussion

Vibrational Spectra. The Raman and FTIR spectra of
4EtOB, in the 1656-1750 cnT?, region are shown in Figure 2.

which would in either case lead to the presence of multiple bands

in thevc—o region. However, it was verified that dilution always
causes an intensity increase of the 1700 tband (Figure 2),
regardless of the solvent polarity (e.g., G&l= 2.0, and CH-

CN, € 36.0). Such an effect is not compatible with a
conformational selection based on the dipole moment of the
conformers. Moreover, the 1690 cfrband displays an intensity
increase only upon dilution with hydrogen-bond donor solvents

Previous assignment of the 4EtOB vibrational spectra relates (such as methanol), supporting its assignment to a hydrogen-

the 1700 cm? IR and the 1690 cm! Raman bands to the—o
mode?® but no mention is made to the presence of the pair of
bands now detected in both spectra. The similarity with the

bonded GO group.
Thus, the presence of-€H---O hydrogen bonded dimeric
species in liquid 4EtOB is the most reasonable explanation for
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Figure 3. Raman spectra of pure 4EtOB at several temperatures, in
the region of the &0 stretching modes.
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Figure 4. Plot of the logarithm of intensity ratio vs reciprocal
temperature for the 1690/1700 chband pair.
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the observed spectral features in theo vibrational region.

As shown in Figure 2, sample dilution leads to an increase of
the free (monomernyc—o band intensity relative to the bonded
(dimer) vc=o band. Similarly, the intensity changes observed
upon temperature variation follow the decrease of the dimer/
monomer ratio with increasing temperature (Figure 3). A
graphical logarithmic representation of the 1700/1690 tm
intensity ratio vs the reciprocal temperature (Figure 4) yields a
value of 5.7+ 0.5 kJ mot? for AH. This value is within the
range of the reported values for-&i---O dimerization equi-
libria.?”

Additional information can be searched for in the spectral
region comprising thecy vibrational modes. Figure 5 compares
the Raman spectra of pure and diluted=f 0.01) 4EtOB, in
the 2606-3200 cnt! range. This region can be roughly divided

Marques et al.
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Figure 5. Room-temperature Raman spectra of pure (solid line) and
diluted 4EtOB k= 0.1 in CCl, dashed line), in the region of the-E
stretching modes.

into three distinct zones, the aromatic (above 3000%¢nthe
aldehydic (below 2850 cm, displaying several Fermi resonance
components), and, between the two, the methyl and methylene
vcy modes. Comparison between the pure and diluted samples
shows little intensity variations and wavenumber shifts, not easy
to interpret. However, a significant change is observed for the
strongest component of the aldehydlic-y mode (at ca. 2727
cm™Y). When the concentration of the sample gets higher, there
is a clear intensity increase in the high wavenumber side of the
2727 cnt! band (at ca. 27422747 cntl, Figure 5). In the
FTIR spectra, this intensity increase leads to a blue shift of the
absorption maximum (ca. 6 ¢ and an increase of the band
half-width at half-height (ca. 3 cr).

These observations can be directly related to the presence of
C—H---O interactions. The broadening of the_y band is
expected upon €H---O hydrogen bonding and has been
reported for other systemdOn the other hand, a blue shift of
thevc—y mode has been predicted for-El---O close contacts
with weakly acidic C-H donors (being referred to as anti-
hydrogen bond® or improper blue-shifting hydrogen borifls
due to that unconventional behavior). Thus, the spectral changes
illustrated in Figure 5 are in agreement with the participation
of the aldehydic €&H bond in C-H---O interactions.

NMR Spectra. Figure 6 shows the concentration dependence
of the 70O NMR chemical shifts for different 4EtOB solutions
in CCly, with mole fractions of 4EtOBX) ranging from 0.025
to 1.0. The carbonylO chemical shift decreases from 552 ppm,
atx = 0.025, to 540 ppm, in the pure liquid, while the ethoxy-
170 chemical shift varies within the 9195 ppm interval. The
carbonyl#’0O chemical shift of substituted benzaldehyde deriva-
tives has been reported to move to higher field upon intra- or
intermolecular hydrogen bondiid§:2° In the case of 4-meth-
oxybenzaldehyde, a 15 ppm shielding was previously observed
for the carbonyl oxygen atom upon hydrogen bondihghe
12 ppm shielding effect upon concentration increase now
observed for 4EtOB (Figure 6) is then in good accordance with
the results on the 4-methoxy analodd@/though suggesting a
somewhat weaker interaction. Thuand in addition to the
previously discussed vibrational datthese NMR results are
strong evidence of the engagement of the carbonyl group in
C—H---O hydrogen bonds in liquid 4EtOB.

The concentration dependence of the ethbky-chemical
shift is not as straightforward. As in the case of the 4-methoxy
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Figure 6. O NMR spectra of pure 4EtOB (a) and concentration o 35
dependence of th€O chemical shift of several 4EtOB solutions in 15 4 Cq
CCl, (b): (m) carbonyl oxygen nucleus®) ethoxy oxygen nucleus. = C,
The dashed line across the ethoxy oxygen shifts is just meant as an
eye guide. 00 02 04 06 08 10
analogue, two distinct effects, dominating the high- and low- 4EtOB / CCl, (mole fraction)

concentration regions, appear to be present in 4EtOB. This mayFigure 7. 3C NMR spectra of pure 4EtOB (a) and concentration
result from the combination of a bulk susceptibility effect and dependence of thEcy coupling constants of several 4EtOB solutions
electron withdrawal by the hydrogen-bonded carbonyl group, in CCl4 (b), relative to the pure liquid. The atoms are numbered
but no further conclusions should be drawn from the present @ccording to Figure 1.

results alone. . ]
It has been show#32that the proton-donating ability of a On the other hand, in the case of C(8), the obsefledis an

C—H bond can only be observed, B NMR, when this average due to two protons, from which only one is expected
interaction occurs with strong proton acceptors in sterically O be engaged in hydrogen bonding at each time. Hence, both
favorable circumstances. In such cases, the observed downfield>(7) and C(8) display significant increases of tie, constant
shift is ca. +2 ppm?2 but becomes meaningless in the case of With concentration. This could suggest that the aldehydic
weaker interactions. In 4MeOB, for instance, the concentration €(7)—H and the methylene C(8H are the preferential donors
dependence of thi# NMR shift was found to be of the order  in the C-H-+-O hydrogen bonds. Nevertheless, one must take
of tenths of ppm, not allowing any definite conclusion regarding INto account that other effects are also most probably present.
the presence of €H-+-O hydrogen bondingt On the other In particular, _1JCH is known to increase with increasing
hand, several studies have focused on the relationship betweer¢lectronegativity of the carbon atom substituents. In this way,
C—H--X hydrogen bonding and €H nuclear magnetic  the increase of the hydrogen bonding to the carbonyl oxygen
coupling (quantified byJey values)?2-34 It has been suggested atom (reg'ardless of the 'dqnor) can also contribute to the
that the increase dflc coupling for a C-H bond near either ~ Observed increase écy within the same formyl group.

an F atom or a carbonyl oxygen gives evidence of the presence Ab initio Calculations. Ab initio results are very useful in

of a C—H-+-F or C—H-+-O hydrogen bond, respectively.3* order to complement the spectroscopic information, particularly
The observed increase ranges from ca. 10 Hz, in thiopheneconcerning the structure of the distinct dimeric species.
carbaldehydes (&C—H-+--O=C interaction)*2to 3.7 Hz, in a Figure 8 comprises the calculated optimized geometries (at

triptycene derivative (C($p—H-+F interaction®* These values  the B3LYP/6-31G* level) of the four most representative dimer
refer to intramolecular hydrogen bonding, much smaller values structures, displaying more than a single ig-+-O interaction.
being expected for situations corresponding to higher motional Although no systematic search of the configurational space was
freedom (and consequently shorter lifetimes for theHE--X intended in this work, several other possible structures, namely,
contacts), such as in intermolecular hydrogen bonding in liquids. forms with single C-H---O contacts, €&H---x contacts, and

Figure 7 represents a plot ok(*Jcr) as a function of stacking interactions of the aromatic rings, have been tested.
concentration for the G{H) carbon atoms of 4EtOB in C¢l According to the calculated energy differences, it is expected
solutions A values relative to the pure liquid). Whildcy for that the most significant dimer forms in the liquid phase arise
atom C(9) is nearly insensitive to dilution and the ring carbon from the four configurations in Figure 8. Naturally, several
ey values do not display a clear behaviéigy for C(7) and shorter lifetime forms are plausible to occur in the liquid,
C(8) carbon atoms increases smoothly by ca. 1.7 and 0.8 Hz,including forms with single €&H---O contacts and higher
respectively, from infinite dilution to the pure liquid. oligomers (trimers, tetramers, etc.).

In comparison with the above-reported values for the in-  In the representative set of Figure 8, the carbonyl oxygen
tramolecular G-H---O contacts, 1.7 Hz is rather significant. atom is the preferential hydrogen bond acceptor, although
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TABLE 2: B3LYP/6-31G* Bond Lengths () and

m Wavenumbers () for the Monomer and Corresponding
Bond Length Differences and Wavenumber Shifts (Relative
to the Monomer) of the Dimeric Forms -1V

dimer (Al/pm)
bond monomerl(pm) | Il I \Y
C=0 121.8 0.3 0.6 0.3 0.6
C(7)-H 111.4 00 -06 -08 -01
239 C(8)-H 109.9 0.0 0.0 00 —0.3
K C(2-H 108.6 -0.1 0.0 01 -0.2
dimer Avicm™)
mode monomenfcm 1) I Il 11} \%
v(C=0) 1700 -12 -35 -28 -—22
) . ) -8 -16 -7 -2
Figure 8. B3LYP/6-31G* optimized geometries for four low-energy  ,,(c(7)—H) 2748 3 72 -1 -8
dimers of 4EtOB. Hydrogen bond distances are given in pm, the 4 78 101 29
calculated dimerization energies for each dimer are listed in Table 1, (C(8)—Hy(as)) 2906 -2 -1 -3 30
and selected geometrical parameters and vibrational wavenumbers cany(C(2)—H) 3045 9 -1 -8 -2
be found in Table 2. 3059 6 -1 —4 1

TABLE 1: Dimerization Energies (Dimer—2 x Monomer) of . . .
AEtOR® at the B3LYP/6-31G* Level of Calculation was previously reported for different molecular systems and is

" - I characteristic of €H---O bonding with weak €H don-
imer (AE/kJ mol1) 0rs29:3436-41 Two experimental manifestations expected from

energy corr | I i v the shortening of the €H bond are the above-discussed
none —-18.7 —-16.9 —18.5 -17.4 increase of théJcy coupling constant and the blue shift of the
ZPVE -16.2 —14.3 -16.1 —15.2 vibrational C-H stretching mode. Ab initio calculations predict
cp —82 —76 —-9.0 —-8.7 wavenumber shifts in 4EtOB dimets-IV of ca.10, 30, and
ZPVE+CP —56 —5.1 —6.5 —6.5 80 cnt! for the ring, methylene, and aldehydie— modes,
2 Absolute energy of structure= —998.843378E&,. respectively. Actually, a blue shift of 71 crhwas reported for

an aldehydia’c—y vibration in thiophene derivatives displaying
structurelV also presents a €H---x contact. The ethoxy intramolecular G-H---O bonding3? It is reasonable to expect
oxygen atom clearly displays lower acceptor ability. Regarding that, in the case of intermolecular interactions, this kind of shift
the C-H donors, the aldehydic C(#H and the ring C(2)H in wavenumber has a smaller magnitude. Calculated blue shifts
will give rise to the stronger €H---O bonds. Within the ethoxy  reported for several halomethane derivatives withHz-- 03841
group, only the methylene C(8H acts as a donor in energeti- and G-H---72%3940intermolecular contacts are in the range of
cally favored dimer structures. The strength of each contact can12—55 cnt, and the experimental value reported for theks
be evaluated through the—-&i:--O distance: the longest is - interaction in the chloroformfluorobenzene clustétis 15
observed for dimetV (259 pm, methylene €H donor) while cm™L. As stated above, the observed blue shift for the aldehydic
the shortest occurs in dimetsandIll (233 pm, ring CG-H vc—n mode in 4EtOB is within the range of £20 cnTl, when
donor). going from the diluted solution to the pure liquid.

Table 1 contains the hydrogen bonding energies of the  As to the G=O bond length, the calculated increase upon
optimized dimerd —IV. The lowest energy minimum for the  hydrogen bonding (ca. 0-3.6 pm) is related to negative—o
(4EtOB) system depends on the level of correction considered, frequency shifts, ranging from-7 to —35 cntl. These
but all the dimeric specids-1V are less than 2 kJ mol apart. calculated shifts are in reasonable agreement with the experi-

Since the produdRTat 300 K is ca. 2.5 kJ mot, all of these  mental value of-10 cnr?, considering that ab initio calculations
structures can contribute to interactions in the liquid phase. refer to isolated species.

The uncorrected B3LYP dimerization energies are within the
range of 16.9-18.7 kJ mof?, while correction for both BSSE
and ZPVE reduces these values to the® 5 kJ mot range.
The latter agrees well with the experimentet value of 5.7 The vibrational and NMR spectroscopic studies performed
+ 0.5 kJ mot?. Correction for both BSSE and ZPVE is in the present work provide strong support for the presence of
expected to lead to overcorrected dimerization energies, as theC—H---O bonded dimers in liquid 4EtOB. The strongest
ZPVE is not calculated for the BSSE corrected surface. evidence arises from the temperature and solvent intensity
However, according to a recent stutythe BSSE-corrected dependence of the two bands observed inuthie, region, in
surface yields longer hydrogen-bond distances but not alwaysboth the Raman and FTIR spectra, as well as from the 12 ppm
a decrease in the ZPVE. shift to higher field detected for the carborly® NMR chemical

An interesting issue to be considered is the change in shift with increasing concentration. Further evidence is gathered
molecular structure associated with the dimerization processfrom the changes in the-_4 region, from thé-Jcy concentration
(Table 2). In fact, it was verified for 4EtOB that the<© bond dependence, and from ab initio calculations. In particular, the
length increases from 121.8 pm, in the monomer, to over 122 aldehydic C-H group displays an increase of both the n
pm, in dimersl—IV, as expected, due to the presence of a wavenumber and théJcy coupling constant, from diluted
hydrogen bond. In turn, a different behavior is observed for solution to pure liquid. These experimental observations are
the C—H bond lengths, which show a decrease when involved consistent with the decrease of the-B bond length upon
in a C—H---O interaction (the only exception being C{&)l in hydrogen bonding, which as been predicted for the nonstandard
dimer 11l ). This calculated decrease of the-8 bond length blue-shifting hydrogen bond4:3436-41 These results are among

Conclusions
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