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Interactions between the Chloride Anion and Aromatic Molecules: Infrared Spectra of the
Cl=—CgHs5CH3, CIm—CgHsNH2 and ClI-—CeHsOH Complexes
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The CI—CgHsCHs-Ar, ClI=—CgHsNH,-Ar, and CI—C¢HsOH-Ar anion complexes are investigated using
infrared photodissociation spectroscopy and ab initio calculations at the MP2/aug-cc-pVDZ level. The results
indicate that for Ct—CsHsNH, and CIF—CgHsOH, the Ct anion is attached to the substituent group by a
single near-linear hydrogen bond. For €IC¢HsCHs, the CI is attached to anrtho-hydrogen atom on the
aromatic ring and to a hydrogen atom on the methyl group by a weaker hydrogen bond. The principal
spectroscopic consequence of the hydrogen-bonding interaction in the three complexes is a red-shift and
intensity increase for the CH, NH, and OH stretching modes. Complexities in the infrared spectra in the
region of the hydrogen-bonded XH stretch band are associated with Fermi resonances between the hydrogen-
stretching vibrational modes and bending overtone and combination levels. There are notable correlations
between the vibrational red-shift, the elongation of the H-bonded XH group, and the proton affinity of the
aromatic molecule’s conjugate base.

1. Introduction ring was found to be unstable, presumably due to repulsive

This paper is concerned with the properties of the-GTHs- interactions between the halide and the rmgloyd.. o
CHa, CI-—CsHsNH,, and CF—CgHsOH complexes as revealed In the current study, we extend spectroscopic investigations
through their infrared spectra in the hydrogen-stretching region {0 complexes consisting of a chloride anion attached to
and through ab initio calculations. Motivation for investigating Substituted benzene (SBz) molecules (toluene, aniline, phenol).
these systems stems in part from the importance of interactionsWe aim to identify the complexes’ structures by following
between simple ions such as N&*, and CI and the phenyl, changgs to the XH stretch wbrgnonal freqyenmgs of the SBz
alkyl, amino, and hydroxyl functional groups in different subunit caused by interaction Wlth the chloride anion. AIthqugh
biological contexts, including ion transport in membrane chan- there have been no previous infrared spectroscopic studies of
nels. Prompted by this significance, Lisy and co-workers have halide-SBz complexes, thermochemical data (binding enthal-
investigated the interactions between simple metal catiorfs (M Pies and entropies) have been measured for several systems

= Na, K*) and aromatic molecules (& CeHs, CsHsOH) including CF—CgHsOH, Br —CeHsCHs, and Br —CeHs-
through spectroscopic investigations of mixedL y—(Hz0)n NH,.12~14 Additionally, Continetti and co-workers recently
clusterst— It was found that whereas Naons are preferentially ~ Studied the dissociative photodetachment dynamics of the
solvated by HO rather than by gHs, the reverse is true for |~ ~CeHsNH2 complex using photoelectremphotofragment

K+. This situation is consistent with the preferential transfer of coincidence spectroscopy.Density functional calculations
K* ions in certain membrane ion channels, where cation- accompanying the experimental work predicted that the anion
interactions play an important role. There have also been COMplex has a structure in which theanion is attached by a
spectroscopic investigations of complexes involving benzene Single hydrogen bond to the amine group.

and other metal cations, includingAIV*, Fe", Co", and N,

in the 500-1500 cnt?! range using light generated by a free 2. Experimental and Theoretical Methods

electron lasé¥” and in the benzene CH stretch region (2700
3300 cn1?) using light from an OP3:° These investigations
confirm that the metal cation prefers to bind to theloud of

2.1. Experimental Technique.The vibrational predissocia-
tion spectra of the CSBz complexes were recorded in a low-
the benzene ring. energy guided ion beam apparatfis'® The machine consists

Infrared spectroscopic investigations of the corresponding of a clust_er lon source, a primary quadrupole mass filter, an
anion-aromatic complexes and clusters are scarcer. In one Ofoqtopole ion guide, a secondary quadrupole mass filter, ar!d a
the few previous studies, complexes of benzene with Bt-, mlcrochannel plate detector. The complexes were synthesized
and I were characterized using infrared photodissociation N @n electron beam crossed supersonic expansion of argon (6

(IRPD) spectroscopy and through ab initio calculatidhd.The bar) seeded W|th_traces of Clas a Ct precursor) and the
infrared spectra and quantum chemical calculations suggest tha>BZ2 Molecule of interest. o o

the complexes have planar structures in which thefion is In all three cases, the C+SBz binding energy is likely to
attached to the benzene by a single H-bond, whereas the largexceed the IR photon energy. For example, the binding enthalpy
halides (CI, Br—, I7) are attached by twin H-bonds. In all cases, of CI"—CgHsOH has been determined as 109-®.4 kJ mot*

the configuration with the halide anion sitting atop the aromatic (~9100 cn1%).1243 Although to our knowledge, the binding
enthalpies of Ct—CgHsCH3z and CI-—CgHsNH, have not been

* Corresponding author. E-mail: evanjo@unimelb.edu.au. reported, they almost certainly exceed those of-BCgHsCHs
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TABLE 1: Scaled Hydrogen Stretch Frequencies for - W )

Cl=—CgHsCH3, CI=—CgHsNH,, and CI-—CgHsOH (In Cm_l) P

with Infrared Intensities (km mol ~1) Given in Brackets?® a d -
Cl~—C¢HsCHs Cl~—CsHsNH, Cl~—C¢HsOH

mode v mode v mode v

w3 2872(75)  wew  3005(18) won 2815 (2528)

v&2 2957 (27)  wew  3017(4)  wew  3022(0.3) (1)0.0

yaaRr 2972 (74)  veu 3025 (45)  vcu 3031 (39) Ar(CHg) = 0.002A

yader 2978 (128) wew  3033(204) wen 3048 (19) Ar(CHg,) = 0.005A

v 3009 (11)  4Pond 3047 (21)  wen 3053 (43) r (ClHg) = 2.63A

Vng 3024 (13) VCH 3073 (993) wvch 3059 (29) r(ClHg,) = 2. 50A

v 3037(39) yfee 3473 (25) i

v&, 3050 (43)

aFor CI—CgHsCHs, superscripts al and ar denote localization of
the vibration on the aliphatic or aromatic CH groups, respectively.
Asymmetric and symmetric vibrations are indicated by a and s, -~
respectively.

and Br—CgHsNH, (36. & 7.5 and 61.14+ 7.5 kJ mot?,
respectively’). So that we could monitor single IR photon ®

absorption by cold complexes, we have probed argon-solvated (4) 10.4 (5) 12.1 (6)22.5

species (CI—SBzAr), monitoring Ar atom loss as a function  Figure 1. Low-energy conformations of C+CsHsCHs calculated at

of the infrared wavelength. The presence of a weakly attachedthe MP2/aug-cc-pVDZ level. Relative energies (in kJ mpére given

Ar atom has been shown to have a minimal effect on the IR for each conformer.

spectra of other anion complexes, the main consequence being ] ) ]

a narrowing and slight shifting of the vibrational bari#id? different types of hydrogen bonding. Different conformations
The parent CI—SBzAr clusters were mass-selected by a Of the CI'—CeHsCHs complex, corresponding to stationary
quadrupole mass filter, turned through°9y a quadrupole points on the potential energy surface (PES), were calcula_ted
bender, and injected into the octapole ion guide. Here, the &t the MP2/aug-cc-pVDZ level of theory and are shown in

clusters were irradiated with the counter-propagating output of Figure 1. »

a Nd:YAG-pumped OPO/OPA system (Continuum Mirage The global minimum energy structure (structure 1) has the
3000). Resulting fragment ions were selected by a secondC!™ attached to toluene by a double contact H-bond, through
quadrupole mass filter and sensed by a microchannel plate/2n ortho-hydrogen atom on the aromatic ring as well as a
scintillator/photomultiplier detector. Wavelength calibration was nydrogen atom on the methyl group. The dissociation energy
achieved by measuring the output from the first stage of the corrected for vibrational zero-point energy (ZPE) is 45.4 kJ
OPO and the 532 nm output from the Nd:YAG laser using a mol~1; correction for basis set superposition error by the method

pulsed wavemeter (HighFinesse WS-7). of Boys and Bernardf reduces the dissociation energy to 38.2
2.2. Theoretical Methods Optimized geometries and vibra-  KJ Mor. Interestingly, it appears that the H-bond to the
tional frequencies for the CCgHsCHa, ClI-—CeHsNH,, and aromatic ring is stronger than the one to the methyl group.

Evidence for this is that the distance betweendttbo-H atom
and the Ct ion is predicted to be 2.504 A, whereas the distance
between the methyl group H atom and the @in is 2.628 A.

Cl~—CsHsOH complexes were calculated out at the MeaHer
Plesset second-order (MP2) level of theory, using Dunning’s
aug-cc-pVDZ basis sét This method has previously been

demonstrated as suitable for describing the structures andFurthermore, the OH-bondedrthoCH bond on the ring is
energetics of hydrogen-bonded complexes and clusters containi€"gthened by 0.5%, whereas the H-bonded CH on the methy|

ing halide anion8223Calculations utilized the Gaussian 03 suite  970UP is lengthened by only 0.2%. Double-contact H-bonds
of programs between halides and solvent molecules have also been observed

Simulated infrared spectra of the complexes were generatedfor the I*—H(itOOhH C;:?m{)rl]e)(zigln v;h]chthbotci:]Tt_hg |C_|)H Sn_d_CH
by scaling the calculated harmonic frequencies using a factor%r%Ups acrjera_che 0 Ie’ an hm tﬁ h I'o? & Bf
determined from the experimental and calculated harmonic ~¢ ¢ an eHe COMplexes where the nhalide anions are

hydrogen stretch frequencies of the SBz monomer. Experimentalatt_l"’}ﬁhed to two nellghhbr?rlng hydrog:etr_] atoths. ints for the-Cl
vibrational frequencies for toluene, aniline, and phenol were ere are several higher-energy stationary points for the

taken from refs 2527. The resulting scaling factors were CeHsCH, system; these are discussed in order of increasing
0.9503 for toluene, 0.9583 and 0.9482 for the NH and CH EN€rgy- Starting with structure 1, rotation of the methyl group

stretches of aniline, and 0.9602 and 0.9514 for the OH and CH |b¥ 60; Ige:gs o rs,ltr#_ct#re 2, which iss? fir?t-or%er_ sadﬁleh p:gint
stretches of phenol. To generate the simulated IR spectra, theg:r_]g -2 KJ MO hlgd er I?‘:rnk(]argy. d ruc urr]ed » IN which the
calculated transitions were convoluted by Gaussians having anion Is attached to thertho- and metahydrogen atoms

widths of 6 cntl. Scaled vibrational frequencies, intensities, g{)g\i gtrr%rgﬁ'g {Ing(,)rlihg Z;?L?citeurrg[:g?:tin;é}g?%:hzwel(tﬂyrﬁg())rloup
and assignments for the three complexes are given in Table 1. : ! :
9 P 9 by 60 changes the energy by0.1 kJ mot™. Structure 4, in

which the Cf is attached to theneta-andpara-hydrogen atoms,

is a stable geometry lying 10.4 kJ mélabove structure 1.
3.1. CI—Cg¢HsCHa3. Theoretical Resultga) Conformations Structure 5, in which the Clis bound by a single H-bond to

and Dissociation Energy. A Clanion can interact with a toluene  thepara-hydrogen, lies 12.1 kJ mot above structure 1. Finally,

molecule either through aliphatic or aromatic hydrogen atoms, for structure 6, the Clion is attached to the methyl group by

making it an interesting system to study the competition between three equivalent hydrogen bonds. This configuration is a second-

3. Results
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Figure 2. Torsional potential for the methyl group in the €©lCgHs-
CH; complex @) and bare toluenea() calculated at the MP2/aug-cc-
pVDZ level.

order saddle point (with a doubly degenerate vibrational mode
with imaginary frequency). The predicted infrared spectra

associated with the different stable minima are discussed below
in relation to the experimental spectrum.

(b) Rotation of the Methyl Group. One can anticipate that
the methyl torsional potential for C+CgHsCH; will differ
profoundly from that of GHsCH3z because the Clanion is
H-bonded to both the methyl group and the aromatic ring. To
investigate the influence of the attached Ghe calculated the
methyl torsional potentials forgElsCH; and CIF—CgHsCHjs at
the MP2/aug-cc-pVDZ level in relaxed scans along the methyl
torsional angle. The resulting torsional potential energy curves
are shown in Figure 2. The potential energy curve for the toluene
monomer exhibits a very small barrier for methyl internal
rotation (13 cnt) and a parallel minimum energy configuration
(¢ = 0°). Experimentally, toluene is found to have a 4.9¢ém
barrier for internal rotation and a perpendicular minimum energy
configuration ¢ = 90°).3%31 As the torsional potential curve
for C¢HsCHjs is extremely shallow and depends on rather subtle
interactions, it is perhaps not surprising that the MP2/aug-cc-
pVDZ calculations fail to predict the correct configuration. As
expected, the torsional potential is significantly modified for
Cl~—CgHsCHjz because of the dual H-bonds between @hd
H atoms on the methyl group and the ring; the torsional barrier
increases to 266 cm and the hindering potential exhibits 3
equivalent minima.

Experimental Result§.he photodissociation IR spectrum of
ClI~—CgHsCHs-Ar is displayed in Figure 3, along with the
simulated spectra based on the scaled MP2/aug-cc-pVDZ
vibrational frequencies and intensities for the four stable
structures (structures 1 ané-3 in Figure 1). The experimental

Emmeluth et al.
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Figure 3. (a) Experimental infrared spectrum of CIC¢HsCHs-Ar,

and (b-e) simulated spectra based on calculations at the MP2/aug-cc-
pVDZ level of theory for the 4 local minima shown in Figure 1. Trace
(b) corresponds to the global minimum (structure 1), (c) to structure 3,
(d) to structure 4, and (e) to structure 5. Scaled vibrational frequencies,
intensities, and assignments for the global minimum structure are given
in Table 1.

Cl~-—C¢HsCH3 experimental spectrum bears a reasonable re-
semblance to the simulated spectrum associated with global
minimum energy structure (structure 1 in Figure 1). In particular,
the broad, intense central feature is reproduced in the simulated
spectrum by a band that is the superposition of two transitions
associated with the symmetric and asymmetric stretch vibration
of the two H-bonded hydrogen atoms. The weaker features
above 3000 cmt correspond to aromatic CH stretch vibrational
modes, whereas features below 2940 Emre attributable to

spectrum is dominated by an intense broad feature centered neathe methyl CH stretch vibrational modes.

2970 cnt?l, with weaker features occurring above 3000ém
and below 2940 cmt. The C—CgHsCHz-Ar spectrum differs
significantly from the spectrum of the jet-cooledsHECH3
monomer recorded by Fuji et #@.For CF—CgHsCHs the CH
stretch band structure spans a range (288075 cnt?) that is
slightly lower in frequency than for the toluene monomer
(2870-3100 cn1?l). Most noticeably, the dominant feature in
the CF—CgHsCHa-Ar spectrum occurs around 65 cinlower
in energy than the dominant peak in the toluene spectrum (3035
cm™1). The differences are presumably due to the influence of
the ionic H-bonds on the CH stretch vibrational frequencies.
Evidence for the structure of C-CgHsCHjs can be obtained
by comparing the experimental and simulated infrared spectra
in the CH stretch region. Inspection of Figure 3 shows that the

Aside from the broad central feature, it is difficult to make a
direct correspondence between the peaks in the experimental
and simulated spectrum for structure 1; the experimental
spectrum contains-810 distinct bands, whereas the simulated
spectrum exhibits eight bands. Additional bands may arise from
Fermi resonances between the IR bright CH stretch states and
near resonance overtone and combination levels associated with
the in-plane bend modes; such resonances also play a significant
role in the spectral structure of the toluene and benzene
monomers?33

The simulated spectra of the higher-energy-©CsHsCHs-

Ar structures (structures-3 in Figure 3) show less resemblance
to the experimental spectrum; in each case, the intense central
feature is absent from the simulated spectrum. Structures 3 and
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Figure 4. Stable conformers of CCgHsNH,. Relative energies (in
kJ mof) are given for each conformer.

2800 2900 3000 3100 s',z'qp 3300 3400 3500
4 would be expected to show a prominent methyl CH stretch v/cm

band at 2885 crri, whereas structure 5 should be dominated Figure 5. (a) Experimental infrared spectrum of GtCsHsNH-A,

. : : . : and (b) simulated spectrum based on calculations at the MP2/aug-cc-
by a band at 2935 cni associated with stretching vibration of pVDZ level. Arrows indicate symmetric and asymmetric Ngtretch

the H-bondedcpara-hydrogen atom. Although most of the ions  janqs for GHsNH,.2¢ Scaled vibrational frequencies, intensities, and
probed experimentally probably have structure 1, it is possible assignments are given in Table 1.

that minor fractions of the population have the higher-energy

structures 3-5. Therefore, it is conceivable that additional peaks jn the 3006-3120 cn1 region and symmetric and asymmetric
in the experimental spectrum are associated with these less stablf|H, stretch bands at 3423 and 3509 dnrespectively?® The
forms. aromatic CH stretch bands and the Nédnds are of comparable
3.2. CIF—=CgHsNH,. Theoretical ResultsAt the MP2/aug- intensity. In contrast, the IR spectrum for €1CsHsNH,, shown
cc-pVDZ level, CI—CgHsNH is found to have the three stable in Figure 5, is dominated by a strong peak at 2920 tthat
minima shown in Figure 4. The lowest-energy structure features can be assigned to a red-shifted H-bonded NH stretch mode
a near-linear H-bond between theGind one amine hydrogen  for structure 1 shown in Figure 4. The free NH stretch band
(structure 1; bond angle of 173)2 similar to the calculated  appears as a small but unmistakable peak at 3475!cm
structure of the 1—CgHsNH, complex!® This conformer hasa  approximately midway between the symmetric and asymmetric
ZPE corrected dissociation ener@y = 75.6 kJ mot?, with NH stretch bands of the g8sNH, monomer (indicated by
BSSE correction reducing this to 68.5 kJ mblAlthough the arrows in Figure 5). The red-shift for the H-bonded NH stretch
association enthalpy of Ct-C¢HsNH> has not been measured, band for Ct—CgHsNH, with respect to the average of the
the calculated, is bracketed by the experimental association symmetric and asymmetric NHtretch bands of thegBlsNH,
enthalpies of F—CgHsNH; (131.0+ 8.4 kJ/mot4) and Br— monomer (3466 cmt) is 546 cnTl,
CeHsNH; (61.1+ 7.5 kJ mott 19). There are two higher-energy Several much weaker bands appear in the aromatic CH stretch
structures. In the first (structure 2), which lies higher in energy region (3000-3100 cnTY). The feature centered at 2970 th
than the global minimum by 44.1 kJ mé) the CI is H-bonded does not correspond to any band in the simulated spectrum and
to themeta and para-hydrogens. In the second (structure 3), may represent a combination or overtone band deriving intensity
which lies an additional 2.1 kJ mdi higher in energy, the I through Fermi resonance with the strongly red-shifted NH
is bound linearly to thepara-hydrogen of the aromatic ring.  stretch mode.
Barriers for interconversion between structures 2 and 1 and  comparison of the experimental spectrum and the simulated
between structures 3 and 2 are 0.5 kJThaind 2.1 kJ mot!, spectrum for structure 1 suggests that the scaled harmonic
respectively. Because of the much greater stability of structure frequency for the H-bonded NH stretch mode (3073 &m
1 and low interconversion barriers it is unlikely that structures oyerestimates the experimental value (2920 9nPresumably,
2 or 3 would be formed in the ion source. this is because the scaling does not adequately account for the
The calculated barrier for the umbrella inversion of the amine extreme anharmonicty of the H-bonded NH stretch coordinate.
group in CF—CgHsNH> is 2.8 kJ mot?, compared to 6.0 kJ  This issue is addressed more thoroughly in the Discussion
mol~! for bare aniline (experiment: 6.3 kJ méF>39. The section.
rather low barrier for umbrella inversion in the complex is 3.3. CI—C¢HsOH. Theoretical ResultsThe MP2/aug-cc-
unexpected given that MP2/aug-cc-pVTZ calculations predicted pypDz calculations suggest that Clprefers to bind to the
a larger inversion barrier for C-NHz compared to bare Ng#7 hydroxy group of the gHsOH molecule (structure 1, Figure
A possible explanation for the low inversion barrier in"€l 6). This structure has a ZPE-corrected dissociation energy of
CeHsNH; is that the Ct-z cloud repulsion is minimized for  p; = 107.1 kJ mot?, with BSSE correction reducing this to
the planar configuration and the opportunity for a weak 99 .3 kJ mot. The calculated value compares reasonably well
secondary H-bond between tbetho-CH group and the Clis with the measured association enthalpy (10908.4 kJ
maximized. mol-113). The OH bond is elongated from 0.968 A for bare
The barrier for transferring the Cifrom one H to the other ~ phenol to 1.013 A for the complex. This significant elongation,
on the NH group is 17.2 kJ mot, considerably higher than  which can be viewed as reflecting incipient proton transfer to
the 6.4 kJ mot! barrier for CFr—NH3.37 This may be a the CI™ anion, is also reflected in a large red-shift of 841¢m
consequence of the stronger intermolecular H-bond in the-Cl  in the scaled harmonic stretch frequency. The-€H inter-
CeHsNH2 complex compared to CHNHs. molecular bond length (1.969 A) is significantly shorter than
Experimental ResultsThe IR spectrum of the jet-cooled that for CF—CgHsCHs (2.628 and 2.504 A) and C+CgHs-
aniline monomer contains a series of aromatic CH stretch bandsNH, (2.166 A).
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aromatic CH stretch region of the experimental spectrum.
However, rather than displaying a single OH stretch band, the
experimental spectrum (Figure 7) exhibits a series of strong
bands (at 2658, 2680, 2732, 2738, and 2780%rim a region
somewhat below where the calculations predict the H-bonded
OH stretch should occur. These features are probably attributable
to the OH stretch mode and neighouring combination and
overtone levels gaining IR intensity through Fermi resonance.
If this is the case, the zero-order frequency for the H-bonded
OH stretch mode can be estimated from the center of gravity
of the bands in the 255@850 cnt? range. The resulting zero-
order OH stretch frequency (2725 ch corresponds to a red-
shift of ~930 cn1! with respect to the OH stretch band of the
CsHsOH monomer (3657 cri). As in the case of Cl—-CgHs-
NH,, it seems that the scaled harmonic frequency for the
. H-bonded OH stretch mode (2815 cthh overestimates the
experimental value, presumably because the frequency scaling
. does not adequately account for the extreme anharmonicty in
(8)70.2 (4)72.6 the H-bonded XH stretch coordinate. This issue is addressed

Figure 6. Calculated minima (MP2/aug-cc-pVDZ) for Gt Ce¢HsOH. below.
Relative energies (in kJ mdl) are given for each conformer.

(a)

Ar(OH) = 0.05A
r(CIH) = 1.97A

(1)0.0

4. Discussion

The calculations and infrared spectra described in the preced-
ing section suggest that the G1CgHsCH3, ClI-—CgHsNH>, and
Cl=—C¢HsOH complexes all possess structures in which the
Cl~ is hydrogen bonded to a single hydrogen atom on the
substituent group. In the case of €ICsHsCHg, there is also a
second, stronger H-bond with tleetho-hydrogen atom on the
9 aromatic ring. Although for all three complexes, higher-lying
(b) o isomers in which the Cl anion is H-bonded to one or two
-‘-\-q;:Q hydrogen atoms on the phenyl ring are predicted, the barriers
~ g (x5) for conversion to the lowest-energy form are generally found
to be small. For the lowest-energy form of all three €5Bz
= complexes, the principal spectroscopic consequence of the
St ésbb : é?loﬁ . és'oé : éQloﬁ : 30106 : é1|06 i hydrogen-bonding interaction isare_d-shift and intensity increase
v/om for Fhe CH, NH, and QH stretching modes. Unf_ortunately,
straightforward comparisons between the experimental and
Figure 7. (a) Experimental infrared spectrum of ‘C1CeHsOH-Ar, simulated spectra are complicated by Fermi resonances between
and (b) a simulated spectrum based on calculations at th_e MP_2_/aug-the H-bonded XH stretch mode and bending overtones and
cc-pVDZ level of theory. Scaled vibrational frequencies, intensities, L .
and assignments are given in Table 1. combinations, particularly for CHCeHsCHs and CI'—CeHs-
OH. Nevertheless, in all three cases, there is clearly a systematic
red-shift and intensity increase in vibrational modes associated

o0
Ay

There are several higher-energy structures in which the anion'~
is attached to two hydrogen atoms on the aromatic ring (structure With the H-bonded XH groups. . . .
2—4, Figure 6). In all cases, both the hydroxy group and the The CIF—SBz complexes can be considered as intermediates
anion lie in the plane of the ring, so that the complexes I@ve ~ for the proton-transfer reaction
symmetry. The barrier to interconversion between structures 2
and 1 is only 0.2 kJ mol, that between Structures 3 and 2 is ClI"+HA—HCI+ A~
1.4 kJ mot?, and that between structures 4 and 3 is 0.5 kJ
mol~*. Given the relative stability of structure 1 and low barriers Because the proton affinity (PA) of Cl(14.46 e\?9) is less
for interconversion, it is unlikely that structures-2 were than the PAs of gHsCH,™, CeHsNH~, and GHsO~ (16.45,
formed in the ion source. 15.89, and 15.16 eV, respectivély the complexes consist
Experimental ResultsThe IR spectrum of the jet-cooled essentially of a Cl anion attached to a perturbed SBz molecule.
phenol monomer recorded by Yamada et al. contains an OH Nevertheless, there is a degree of proton transfer from the SBz
stretch band at 3657 crhand a series of aromatic CH stretch  to the chloride anion, the extent of which is determined by the
bands in the 30263120 cnt! range?” One can anticipate that  difference between the proton affinitieARA) of the CI and
formation of a strong H-bond between the @hd the OH group ~ the A~ base. The degree of proton transfer is reflected in the
on the phenol will lead to a large red-shift and intensity increase magnitudes of the vibrational red-shift for the H-bonded XH
for the OH stretch band, whereas the CH stretch bands shouldgroup and elongation of the H-bonded XH bo¥dThe
be largely unaffected. Indeed, the predicted spectrum for the experimental red-shifts follow the expected trend, withr €l
H-bonded form of Ci—CgHsOH (structure 1 in Figure 6) is  CsHsCHs (largeAPA) exhibiting the smallest red-shift and Gt
dominated by an intense red-shifted band at 2815'cm CgHsOH (smallAPA) the largest.
associated with the OH stretch vibration, with weaker CH stretch ~ The experimental frequencies for the H-bonded NH and OH
bands occurring in the 3068100 cn1? region (Figure 7). As stretch vibrations of Cl—CgHsNH, and CF—CgHsOH are
predicted, several weak bands occur in the 368000 cnt? somewhat lower than the scaled calculated harmonic frequencies
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Figure 8. One-dimensional NH/OH stretch potential energy curves a- Filled triangles &) represent Cl—SBz complexes, whereas filled

(calculated at the MP2/aug-cc-pVDZ level) for (agHeNH:, (b) CI"— squares M) represent complexes of Cland second-row hydride
CsHsNH, (c) GHsOH, and (d) Ct—CeHsOH. In each case, the lowest 1 0jecules.
three energy levels and associated wave functions are shown.

the CI anion can be expected to be larger for the SBz

see Figures 5 and 7). A likely source of the discrepancy is
( g ) y pancy molecules, because the PAs fogHsCH,~, CsHsNH—, and

anharmonicity in the H-bonded XH stretch coordinate not fully -
accounted for by frequency scaling. To investigate this pos- CGHEO (19'45' 15.89, and 15.16 eV) are Ioweréthan 'ghqse of
sibility, we calculated one-dimensional potential energy curves CHs™, NH_2 , and OH_ (18.13, 17'49_’ an(_j 16.92 &Y. Th|s IS

(at the MP2/aug-cc-pVDZ level) for the H-bonded XH stretch reflected in the magnitudes of the vibrational red-shifts and the
motion (with remaining coordinates fixed). Plots for both the elongation of the ?(H bond (calculateq at the MI?Z/aug-cc-pVDZ
free SBz molecule and the corresponding-€5Bz complex  1€vel), both of which are plotted againSPA in Figure 9. Note
appear alongside one another in Figure 8, highlighting the that for CF—C_ZBH5CH3, it is difficult to asc_ertam the magnitude
influence of the attached Clon. The distortion of the potential ~ ©f the red-shift because of the complexity of the spectrum and
energy curves for CCgHsNH, and CF—CgHsOH is quite because both the aromatic and aliphatic CH stretch modes are

evident, illustrating the marked delocalization of the shared affécted by H-bonding. Itis obvious from Figure 9 that the-€l
proton. SBz complexes are associated with larger red-shifts and XH

Frequencies for the hydrogen stretch vibrations associated_bonOI elongations tha_n the complexes containing the correspond-
with the one-dimensional potential curves were calculated using "9 second-row hydride molecule. For both sets of complexes,

Level 7.4%1 assuming that the vibration involved only motion t1€re is a near-linear correlation betwesRA and the vibra-

of the H-bonded hydrogen atom. The effective mass of the tional red-shift and the XH bond elongation.
oscillator was assumed to be 1 amu. The first three vibrational @St we consider the effect of the attached Ar atom. Although

levels are superimposed on the potential curves in Figure 8.1 each case the experimental spectrum does not provide direct
For CF—CgHsNH,, the NH stretch transition is calculated to information on the position of the Ar atom, _presumably bec_ause
lie at 2845 cm, comparing favorably with the experimental the Ar+-Cl” bond Do = 523 e, ref®) is comparable in
value (2920 cm?), and certainly better than the scaled harmonic strength with Ar--aromatic bonds (for examplgl, = 314+ 7

prediction, which overestimates the experimental frequency by M for CeHg-Ar; ref®d), the Ar atom is positioned so as to
150 cntl. For CF—CgHsOH, the OH stretch frequency is maximize the interaction with both the Cand the SBz subunit.

calculated to lie at 2400 cm. around 415 cmt below the For CI-—CgHe:Ar, Alberti et al. found that the most favorable

scaled harmonic frequency, and indeed below the series of bangdocation for the Ar atom Is m|.dlway betyveen the ben;ene rng
apparent in the experimental spectrum between 2600 and 280@"d the CI, so that it is stabilized by interactions with both
cm~L. This raises the possibility that the OH stretch band occurs the_anlon and the Bz molecufé.The situation is probably
below 2550 cm, beyond the wavelength range of the Opo Similar for the CI—SBz complexes.

used in this work. However, it is also feasible that the reduced
mass used in the 1D vibrational frequency calculations is slightly
too high, leading to an overestimation of the stretching Infrared spectra have been recorded for-©@CsHsCHs-Ar,

5. Summary

frequency. ClI —C¢HsNHzAr, and CF—CgHsOH-Ar using vibrational
One might expect that there should be similarities between predissociation spectroscopy. Accompanying ab initio calcula-
the C—SBz complexes (CHCgHsCHz, ClIm—CgHsNH3, Clm— tions suggest that the lowest-energy conformers for-ClsHs-

CgHsOH) and complexes of Cland the second-row hydride  NH;and CIF—CgHsOH have the Ci bound to a single hydrogen
molecules (Ct—CHj,, CIm—NH3, and CIr—H,0), which have atom of the substituent group. In the case of -©CsHsCHg,

also been studied using infrared spectroscopy and through afkthe CI is hydrogen bonded to asrtho-hydrogen atom on the
initio calculations®”4243|n effect, the two sets can be distin-  ring and to a hydrogen atom on the methyl group. Complexities
guished as Ck NH,, or OH functionalities associated with in the infrared spectra are postulated to arise from Fermi
either an H or @Hs subgroup. The extent of proton transfer to resonances between the H-bonded XH stretch and overtone and
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combination levels. There is a clear correlation between the

proton affinity of the aromatic molecule’s conjugate base and

both the vibrational red-shift and the elongation of the H-bonded

XH group (CF—C6H5CH3 < ClIm—CgHsNH, < le—C6H5OH).
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