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Infrared Spectroscopy of Intramolecular Hydrogen-Bonded OH Stretching Vibrations in
Jet-Cooled Methyl Salicylate and Its Clusters
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The OH stretching vibration of methyl salicylate and its solvated clusters in a supersonic free jet was observed
by using fluorescence-detected infrared spectroscopy. The OH band of methyl salicylate monomer was weak
and broad because of the intramolecular hydrogen bond. Those of the methyl salicylate moiety in small size
hydrogen-bonded clusters with various solvent molecules, such as methyl sati¢ida®, (n = 1 and 2),
—CH30H, and—NHj3;, also showed similar characteristics, indicating that the intramolecular hydrogen bond

is retained even in the clusters. The opposite behavior of the direction of the electronic transition frequency
shift and the OH stretching frequency shift was seen between the clusters with the acidic (water and methanol)
and basic (ammonia) solvents. Structures for these clusters are discussed on the basis of the frequency shifts
of the OH bond.

Introduction Experimental Section

) ) ) ) We utilized fluorescence-detected infrared spectroscopy
. Methyl salicylate (MS) is a typical molecule having an (FDIRS) to measure IR spectra of bare molecules and clusters
intramolecular hydrogen bond between its hydroxyl and car- i, gypersonic jets. The experimental apparatus for FDIRS has
bonyl groups. _Excned-state intramolecular proton tre_msfer been described in detail elsewhéf@,so that only a brief
(ESIPT) along this bond has been well-known from studies on gescription is given here. A pulsed ultraviolet (UV) laser beam
the Stokes shift in the fluorescence spectfaf.Since MS in of which wavelength was fixed at the,SS transition was
the electronically ground states, 3 a weak acid (§a = 10.2)/ introduced, and the laser-induced fluorescence signal was

it enables to donates a proton to solvent in a solution. These getected as a measure of the population in g&t@e. A pulsed
features of the free molecule are contrary to those in the solution; |r peam was introduced 50 ns prior to the UV laser, and its

therefore, a breakdpwn of the intramolecular hydrogen bond wavelength was scanned. When the IR laser frequency is
and formation of intermolecular hydrogen bonds may be esonant with a vibrational transition in the ground state,
expected along with the transformation from a monomer t0 & gecrease of the ground-state population results in a reduction
solution. (dip) of the fluorescence intensity from the Sate. Thus, by
Such a transformation would be observed as the size scanning the IR laser wavelength, fluorescence dip spectra that
dependence of infrared (IR) spectra of the hydrogen-bonded correspond to infrared absorption spectra of the ground state
clusters. It has been well-known that IR absorption intensity were obtained. Species and size selection in the spectrum
and frequency of OH stretching vibrations show a drastic change measurement is performed by selecting the UV laser wavelength.
due to the hydrogen-bond formation. The intermolecular  The tunable IR beam was obtained by a difference frequency
hydrogen-bond formation leads to a remarkable enhancementgeneration with a LiNb@crystal, in which a second harmonic
in absorption intensity and to a reduction in OH vibrational of 3 Nd:YAG laser (Quanta-Ray GCR230) and an output of a
frequency. On the other hand, an OH band involving an Nd:YAG laser pumped dye laser (LAS LDL20505) were mixed.
intramolecular hydrogen bond tends to be weak in intensity The UV light source was a second harmonic of a XeCl excimer
though the frequency is largely reduced. Recently, infrared |aser pumped dye laser (Lambda Physik LPX100/FL3002).
spectroscopy has been applied to jet-cooled molecules andTemporal pulse widths of both lasers were about 8 ns. Accuracy
clusters having an intramolecular hydrogen bond, namely, of the laser frequencies were about 0.5émThe IR beam,
tropolone and its hydrogen-bonded clusfer®. The OH focused at 10 mm downstream of a pulsed jet nozzle by a lens
stretching vibration of tropolone showed a sudden change in (f = 250 mm), was counterpropagated to the UV laser beam
intensity and a remarkable frequency shift when the cluster size which was focused by a lens 6= 500 mm.

exceeds a critical size. This change was interpreted as evidence The MS sample was purchased from Tokyo Kasei Co. and
of the transformation from the intramolecular to intermolecular \vas used without further purification. The MS vapor at room
hydrogen bond. temperature was seeded in helium (stagnation pressure of 3 atm)
MS is also an intramolecular hydrogen-bonded molecule; containing solvent vapor and was expanded supersonically into
however, the acidity of MS is much smaller than that of a vacuum chamber through a pulsed nozzle with an orifice of
tropolone (K, = 6.7)11 Therefore, microsolvation of MS is 0.8 mm diameter.
expected to show a different behavior from tropolone. In this
paper, we observed IR spectra of bare MS and its hydrogen-
bonded clusters with several solvents in the OH stretch region, Electronic Spectra of MS and Its Hydrogen-Bonded
and effects of the microsolvation are discussed. Clusters. The fluorescence excitation spectrum of the-Sp
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Figure 2. Fluorescence-detected infrared (FDIR) spectra of (a) bare
MS, (b) MS—H0, and (c) MS-(H.,0),. The vibrational band positions
of bare water are also schematically shown.

of the S—S, band origin of each species. In the spectrum of
bare MS (Figure 2a), a weak band appears at 323¢ gvhich

T T T
30000 30100 30200

T

30300 30400 30500 is uniquely assigned as the absorption due to the OH stretch.
Wavenumber (cm ) The observed frequency is close to those reported in the previous
Figure 1. Fluorescence excitation spectra of the-S, transitions of measurements of the IR spectrum in the gas phase (3255%m
(a) methyl salicylate (MS}(H20), (n = 1 and 2), (b) MS-CH;OH, and the dispersed fluorescence spectrum (3220'cim a jet?

and (c) MS-NH; hydrogen-bonded clusters. The arrows indicate the Since typical vibrational frequencies of free OH stretch bands
band origins of the clusters. are observed around 3600 cinthe extremely low-frequency

TABLE 1: S;—S, Transition Energies of Methyl Salicylate OH band observed for bare MS indicates that the intramolecular
(MS) and Its Hydrogen-Bonded Clusters hydrogen bond is formed. In bare MS, two weak bands are
band origin/cr® Avjomt also observed in the CH stretching region (at 2964 and 3035

cm~1). On the basis of infrared absorption spectrum in the gas

MS 30055 phasé* these bands are assigned to CH vibrations of the alkoxyl

MS—H,0 30192 +137 . . .

MS—(H,0), 30 241 +186 _and of the phenyl group, respectively. The intensity of the

MS—CHsOH 30 186 +131 intramolecular hydrogen-bonded OH stretch band is as weak

MS—NHj3 30038 -17 as that of the CH stretches, being in a sharp contrast to a

remarkable intensity enhancement due to the intermolecular

transitions of MS and MS(H,0), (h = 1 and 2) clusters is  hydrogen-bond formation, as typically seen in phenol clus-
shown in Figure la. The observed electronic spectrum is ters!?1% Such a weak intensity of OH stretch vibration has also
essentially the same as that reported by Helmbrook and co-been found in tropolone, which exhibits a characteristic feature
workers? except for the presence of the water cluster bands. of the OH band involving intramolecular hydrogen bonds in
The 0-0 band of MS monomer occurs at 30 055 ¢mnand isolated molecule%:10
those of MS-H,O and MS-(H;0), appear at 30 192 and 30 241 The infrared spectrum of MSH,0 is shown in Figure 2b.
cm™1, respectively. The assignments of the cluster bands were A weak band appears at 3263 chmwhich is blue-shifted by
made on the basis of their FDIR spectra shown later. Vibronic 30 cnt? from bare MS. The band feature is very similar to
bands that are attributed to the= 3 cluster were not observed. the OH stretch of the monomer with respect to the band position,
The absence of the higher clusters may be due to their poorintensity, and width. Therefore, it is readily assigned to the
fluorescence quantum yield. OH stretch of the MS site. Two intense bands appear at 3725

Parts b and ¢ of Figure 1 show fluorescence excitation spectraand 3588 cm?, and they are attributed to the asymmetuig) (
of MS clusters with solvent molecules such as methanol and and symmetrici;) OH stretches of the water site, respectivély.
ammonia, respectively. ThegSS, transition energies of bare  The v, band in the spectrum shows a distinct intensity
MS and these clusters are listed in Table 1. As seen in the enhancement compared to that of the free molecule of water.
table, the shifts of the band origins show characteristic behavior This drastic increase of the; band is characteristic of the
depending on the solvent molecules. The cluster formation with hydrogen-bonded clusters in which a water molecule act as a
water and methanol causes a blue shift of the transition from proton donof~10.12.15
the monomer band, while the band of the cluster with ammonia  Figure 2c is the infrared spectrum of M$H,0), , showing
shows a red shift. On the basis of these spectral features,features similar to that of MSH,O. A weak band is observed
structural difference is expected between the former and theat 3277 cm! and is attributed to the OH stretch of the MS site.
latter clusters? that is, MS would act as a proton acceptor in  The band frequency shows a further blue shift from that ofMS
the former clusters and a proton donor in the latter. H0, but the intensity is not enhanced so much. Three intense

Infrared Spectra of MS and Its Hydrogen-Bonded Clus- bands of the water site appear in the higher frequency region.
ters. The FDIR spectra of the MS monomer and M&,0), Because of the similarity with the spectrum of MB,0, the
(n = 1 and 2) are shown in Figure 2. These spectra were bands at 3547 and 3521 cfmare attributed to’;. The band at
observed by monitoring the fluorescence due to the excitation 3722 cnt?! is assigned to two overlapped bands. Such
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hydrogen bond of MS. The evidence for the intramolecular

hydrogen bond between the hydroxyl and carbonyl groups of
MS can be seen in the infrared spectra of the OH stretch band,
that is, the remarkable low-frequency shift and the intensity

reduction. As was demonstrated in the hydrogen-bonded
clusters of tropolone, the breakdown of the intramolecular

hydrogen bond due to the microsolvation may cause a drastic
change of the OH stretch band, such as a blue shift in frequency
and an enhancement in intensity.

As shown in Figures 2 and 3, it is evident that the OH bands
of the MS site in MS-(H20), (h = 1 and 2),—CH3;0H, and
—NHj; are very similar to the monomer. Such a conservation
of the characteristics of the OH stretch band suggests that the
intramolecular hydrogen bond is still retained in these clusters
despite the microsolvation.

Previous study of solvation of the intramolecular hydrogen
bond in tropolone suggested that the breakdown of the intramo-
lecular hydrogen bond occurs when the proton affinity (PA) of
the solvent exceeds a critical valtien the case of tropolone,
the critical value of PA was estimated about 2@20 kcal/
mol. The PA of HO, (H,O),;, CH;OH, and NH are 167, 201,
182, and 204 kcal/mol, respectivély.1® The PA of (HO),
and NH; are close to the critical value for tropolone. On the
other hand, the acid dissociation constamd, f MS is 10.2,

[ and the acidity of MS is much weaker than that of tropolone
5000 2200 3400 2600 (pKa = 6.7)711 The results indicate that the proton donation
to solvent molecules is less favorable for MS, and the cluster-
ization with compounds of much higher PA (or higher size of
cluster) is required for the intramolecular hydrogen bond of MS
to be broken.

Structure of the MS—Solvent Hydrogen-Bonded Clusters.
The 1:1 Clusters. In this section, we discuss the cluster
structures based on the observed spectra. As for the structure
of MS—H,0, the following data were obtained in this study:
(i) The OH band of the MS site exhibits a slight blue shift from
that of monomer, and its intensity and band shape do not change

immediately assigned to the OH stretch band of the MS site by the c_Iuster formation. (ii) Th_e symrr)etr?c OH _stre_ztch of the
showing a blue shift of about 40 cthcompared to that of bare water site Ql)_ShOWS a red Sh'ﬁ_ and its 'r?‘ens”y IS largely .
MS. Similar to MS-(H,O)n, the intensity of the band is not enhanced, while there is no drastllc.change in the ant|symmetr|c
enhanced so much. A sharp and intense band is observed aP™ Stretch €s). (iii) The band origin of the §-S, transition
3591 cnrl, which is uniquely assigned to the OH stretch of SNOWs & blue shift upon the cluster formation.
the methanol site. The band frequency is red-shifted by about  The first result means that the intramolecular hydrogen bond
90 cnt! from that of free methandf suggesting the cluster  is preserved in the cluster. The second indicates that the one
structure in which methanol acts as a proton donor to MS. It is of the OH oscillators of the water acts as the proton donor of
noted, thus, that the spectrum of MEH;0H is very similar the intermolecular hydrogen bond and that the other oscillator
to that of MS-H,0, except for the free OH band. The weak is free from hydrogen-bond formation. For the third result, it
but sharp band observed at 2985 émshould be assigned to  is well-known that a#, 7*) transition of aromatic molecules
the CH stretching band of the alkoxyl group in MS or the shows a blue shift when the molecule acts as a proton acégptor
methanol site. Both of free MS and methanol show the CH and that the § S, transition of MS is assigned to the,(7*)
stretch in this regiod*16 transition.2 Thus, the third result represents the cluster structure
Figure 3d is the infrared spectrum of M8IH;. The OH in which MS acts as the proton acceptor in the intermolecular
vibrational band of the MS site appears at 3179 mshowing hydrogen bond.

a red shift from the MS monomer. This red shift is quite  Being subjected to the requirements described above, two
Contl’al’y to the feature Of the C|USteI’S W|th water or methan0| Cluster structures are Suggested: (a) a hydroxy' group Of the
The intensi_ty of the band is also weak, and the bgndwidth water site is bonded to the carbonyl group of MS (tge(b)
becomes wider. Two very weak bands are observed in the CHg4 hydroxyl group of the water site attaches to the hydroxyl group
stretch region. They are the similar bands as th_e CH bands ofgf s (typeb).2 The ab initio calculated structures of these
bare MS. Though NH stretches are expected in 30 g jsomers are shown in Figure 4, a and b, respectively. The
cm™* region, no band was found in this region. details of the calculation are described later. Similar cluster
structures have been proposed by Zwier and co-workers for
tropolone-H,0, in which the intramolecular hydrogen bond

Intramolecular Hydrogen Bond in MS. The main aim of between the carbonyl and hydroxyl groups is solvated by a water
this study is to observe solvation effects on the intramolecular molecule®1°

Wavenumber (cm '1)

Figure 3. FDIR spectra of (a) bare MS, (b) M3H.0, (c) MS—CHs-
OH, and (d) MS-NHs.

overlap of thevs bands was also found for tropolonwater
and phenotwater clusters:10.12.15

The infrared spectra of the MSCH3OH and—NHjs clusters
are shown in Figure 3 in comparison with those of bare MS
and MS- H;O. In the spectrum of MSCH3;0OH shown in
Figure 3c, a weak and broad band appearing at 3279 ¢

Discussion
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observed

isomer (a)

(a) (b) ‘ ‘
Figure 4. Ab initio structures of MS-H,O. The calculation level is T T T T T T T T T T T T T T T T
HF-SCF/6-31G(d,p).

isomer (b)

Different frequency shifts are expected for the intramolecular
hydrogen-bonded OH in these two isomers from the standpoint
of chemical intuition. In isomea, the intermolecular hydrogen- ‘
bond formation to the carbonyl group of MS reduces the TR |
negative charge density of the oxygen molecule of the carbonyl " T 5000 3200 3400
group, so that the intramolecular hydrogen bond will be wavenumber (cm™")
weakened, resulting in a blue shift of the OH stretch frequency _. )
of the MS site. In the case of isomeron the other hand, the  /9ure 5. Comparison between (upper) the observed and (lower)
. simulated infrared spectra of M3H,0. The latter spectra are based
intermolecular hydrogen bond to the hydroxyl group of MS o, the HF-SCF/6-31G(d,p) level ab initio calculations, and spectra a
reduces the negative charge density on the oxygen molecule ofand b correspond to isomerandb in Figure 4, respectively. As for
the hydroxyl group, and it may weaken the OH bond of MS, the band positions in the simulated spectra, the scaling factors (0.8751
resulting in a red shift of the OH stretch frequency. Such a and 0.8735 for isomea and b, respectively) are applied to the
phenomenon has been known in condensed-phase infraredrequencies shown in Table 2.
studies as the cooperative strengthening of the intramolecularapproximation, the calculated vibrational frequencies are about
hydrogen bond by the presence of the intermolecular hydrogen10% higher than the observed frequencies. Comparison between
bond?12?2 The observed blue shift of the OH stretch frequency the observed and calculated infrared spectra is shown in Figure
of the MS site in MS-H,0, as shown in Figures 2 and 3, 5, in which the calculated vibrational frequencies are scaled by
therefore suggests that the tygstructure is favorable for MS the factor 0.8751 and 0.8735 for isongandb, respectively.

H.0. The simulated spectra poorly reproduce the frequency and
To confirm the above qualitative discussion, we performed intensity of the OH stretch of the MS site, while those of the
ab initio molecular orbital calculations by using the Gaussian water site agree rather well with the observed. It has been
94 program packag®. The calculation level was HF-SCF/6-  reported that the simulation of infrared spectra of intramolecular
31G(d,p), and minimum-energy structures and their harmonic hydrogen-bonded OH by ab initio calculations is not straight-
vibrational frequencies were computed. To find possible forward1%1! Their red shifts tend to be underestimated while
isomers of MS-H,0, several trials of the initial geometry were the intensities are generally overestimated. However, it is
attempted. We found two stable forms of MB,0 corre- worthwhile to note that the present calculated frequency of the

sponding to the isomers, as shown in Figuré 4In both OH stretching vibration of the MS site shows thiee shift by
isomers, the water molecule donates the hydrogen to (a) the20 cnt? for isomera upon the hydrogen bond formation, while

——
3600

carbonyl group or (b) the hydroxyl group of the MS site. that of isomeb is red-shifted by 20 cm?®. This tendency agrees
The stabilization energies for the two isomers are almost the with that expected in the above qualitative discussion, supporting
same (3.669 and 3.185 kcal/mol for isomarandb, respec- the preference of isomex.

tively, including the zero-point energy corrections), and it is  Electronic and infrared spectral features of MSH3;OH are
hard to discriminate one of the candidates from the energy quite similar to those of MSH,0: In the electronic transition,
difference obtained with this calculation level. Calculated OH the band origin of MS CH3;OH shows the blue shift, and the
and CH stretching vibrational frequencies of the two isomers amount of the shift is also close to that of M8,0. In the

are listed in Table 2. Since we used the HartrBeck infrared spectrum, the band positions and intensities of observed

TABLE 2: Infrared Frequencies (cm~2) and Intensities (km mol~%) of MS—H,0 in the OH and CH Stretching Region

bare MS MS-H,O(isomera) MS—H,O(isomerb)
calcdt freq int obsd freq calcdreq int calcd freq int obsd freq assignment
3229.3 43.8 2964 3241.3 34.1 3229.5 43.3 methyl CH str
3315.2 27.0 3337.2 16.3 3315.3 26.5 methyl CH str
3332.0 235 33435 20.3 33325 22.9 methyl CH str
3348.4 8.1 3035 3349.8 8.0 3350.2 9.1 phenyl CH str
3370.6 16.2 3372.1 15.3 3371.8 15.1 phenyl CH str
3384.9 9.1 3385.7 8.5 3388.5 1.3 phenyl CH str
3399.4 5.6 3401.5 5.0 3399.7 6.0 phenyl CH str
4007.8 293.7 3230 4028.4 324.2 3999.6 330.5 3263 OH str
4113.2 169.9 4128.4 86.4 3588 water
4243.1 168.3 4243.1 129.1 3725 wapgr

2 The calculation level is HF-SCF/6-31G(d,p).
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Figure 6. Ab initio structures of MS-NHs. The calculation level is
HF-SCF/6-31G.

OH stretching bands resemble the spectrum of g0, except
for the absence of the free Ohtsf band in the MS-H,0. In Figure 7. Schematic representation of the possible structures of MS
particular, the OH stretching band of MS site shows a blue shift, (HO).

corresponding to that of MSH,O. On the basis of the

discussion on MSH,0, it is expected that MSCH;OH hasa & Proton acceptor in MS(H20),, as well as MS'Hz0 and
structure similar to isomea of MS—H,0 in Figure 4. —CH;OH. Based on the feasible structures of M0,

In contrast, the spectral features of MBHs are very several candidates of the structure of MEl,0), are schemati-

different from those of MSH,0 or —CH;OH with respect to cally given in Figure 7. Isomeisandll are the extended forms

the following: (i) The OH stretch of the MS site shows a red .Of isome_rsa andb of MS—H:0, respectively, and isoméi
shift of 51 cnTX. (i) No strong infrared absorption was found 'S 2 hybrid type of the former two. In each case, two hydrogen-

; P P bonded OH of the water site are expected around 33600
for the NH; site. (iii) The band origin of the transition
exhibits gbred shiS‘t 2)f 17 ot g 5% cm™1, while two free OH of the water site should be almost

degenerate at around 3720 tin

The first datum is a key for the structure determination. The
OH stretch of the MS site shows a further blue shift than that
of MS—H;0. Such an effect is expected only in isonhef his

isomer (I1I)

All the features are opposite to those of other clusters studies
here and suggest a different structure for &3 from the
others. These features are well understood with the structure

in which MS donates the proton to NHas is shown in Figure | )
6, being the intramolecular hydrogen bond still remained. The IS because, as was discussed forM&O0, the hydrogen-bond

intermolecular hydrogen-bond formation with Kth addition formation onto the hydroxyl group of MS causes the red shift

to the intramolecular hydrogen bond, weakens the OH bond, of its frequency. Therefore, isomein Figure 7 is considered
leading to a further red shift of the OH band of the MS site. t© Pe the most probable form for M§Hz0),.
The second datum is consistent with the well-known fact that
the infrared absorption intensity of the proton acceptor site does
not show enhancement. In addition, the red shift of the In this study, we observed the-SS, fluorescence excitation
electronic transition is also a favorable feature of the proton and fluorescence-detected infrared spectra of#%0), (n
donor site. =1 and 2),—CH3OH, and—NHs;. It was shown that every
The presence of the neighboring carbonyl group prohibits the cluster holds the intramolecular hydrogen bond, though the bond
linear O—H---N configuration, which is favorable for the is more or less perturbed by the intermolecular hydrogen-bond
ordinary intermolecular proton donation. However, the proton formation with the solvent molecules. A breakdown of the
affinity of ammonia is 208.3 kcal/mol and is much larger than intramolecular bond with microsolvation was not found in these
that of water or methanol (165 and 185 kcal/mol, respec- small-size MS clusters, while complete transformation from an
tively).1”"1° Such a large PA would offset the steric disadvan- intra- to intermolecular hydrogen bond was observed in
tage of the structure. The low-level ab initio calculation (HF- tropolone. This corresponds to a much lower acidity of MS
SCF/6-31G) also shows the potential minimum for the structure (pK, = 10.2) than tropolone & = 6.7) in the condensed phase.
shown in Figure 6 and supports the above discussion. In the case of MS, the intramolecular hydrogen bond is formed
The Structure of MS(H,O),. The infrared and electronic  between the neighboring hydroxyl and carbonyl groups, which
spectra of MS-(H20), show the following features: (i) The are very close to each other. Therefore, it is difficult to insert
OH stretch of the MS site appears at 3277 émits frequency a solvent molecule between these two groups. This steric factor
is similar to that of MS and MSHO, but slightly blue-shifted, ~ might protect the intramolecular hydrogen bond of MS.
47 and 14 cm! from bare MS and MSH,0, respectively. The
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