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The present work reports observations of thre @nd 4, O—H stretching transitions in glycolic acid, GH
OHCOOH, using a highly sensitive cavity ring-down spectrometer. Experimental and theoretical values for
the harmonic frequencies and anharmonic constants of betH €iretching transitions were extracted and

are compared with theoretical calculations in the literature. Calculations of anharmonic frequencies, intensities,
and relative energies have been performed and are presented for three conformers of glycolic acid. In the
presence of water, an interesting broad spectral feature appeared undespeattl 4,. New calculations

for harmonic frequencies, intensities, and relative energies of foyEIEOOH-H,O complexes are reported

to aid in understanding the observed spectrum. This work suggests that the perturbations are caused by
intermolecular hydrogen bonding of glycolic acid with one or more water molecules.

Introduction and climate. Glycolic acid makes up a significant portion of

The issues of interest in this study are hydrogen-bonding (€ organic content of~2-5% in a polluted troposphere)
interactions in glycolic acid (CKDHCOOH). Glycolic acid is atmospherlc aerosdli part due_to its strong tendency toward
an interesting system in this regard because it offers the INtermolecular hydrogen bonding (e.g., with water). It also

opportunity to study both intra- and intermolecular hydrogen Makes up a larger family of organic acids that have recently
bonding. Vibrational spectra of this molecule have been studied been discussed in terms of their connection to both atmospheric

using experimental and theoretical methods, yet these studiechemistry and spectroscopy Recent studies have built on
have been limited by spectral overlap of the two-I® previous spectroscopic and theoretical work onkEXstretching

stretched:2 Specifically, thev; and v, normal modes (where qvertonesl.k20 Spgcifically, atmospheric excitatiop of vibra-'
v1is the acid G-H stretching mode ang is the alcohol G-H tional overtc_)nes via solar photo_ns has been studied in relation
stretching mode) coincidentally occur at the same frequency in t© overtone-induced photodissociatiii:-2¢ Fundamental spec-
both the fundamental and first overtone regions. The nature of roscopic studies of molecules such as glycolic acid help to
the two O-H stretching transitions is interesting because the Provide a broader knowledge base to understand vibrational
alcohol O-H stretch exhibits intramolecular hydrogen bonding ~ Overtones and vibrationally mediated chemical reactions.
while the O-H stretch of the acid is available for intermolecular Prior to this work, the highest energy vibrational transitions
hydrogen bonding# Thus, CHOHCOOH is an intriguing observed for glycolic acid were the overlapping; 2nd 2,
prototype system for understanding perturbations to vibrational O—H stretching first overtones. It was predictehat examining
spectra of organic acids from intra- and intermolecular interac- these transitions at higher energies might separate them. This
tions. separation is complicated by the fact that higher overtones

Previous work on glycolic acid has focused on its matrix and typically become less intense by about an order of magnitude
near-IR spectroscopy as well as several studies on the for each successive transitihObservation of higher energy
energetics of its conforme?s:® The microwave spectrum of  transitions by conventional methods (FTIR) is difficult due to
gas-phase glycolic acid has also been published and continuesensitivity limitations. The present work uses a highly sensitive
to aid in understanding the structure of this moleé/lBecause  cavity ring-down spectrometer to observe the; 4nd 4
of glycolic acid’s low vapor pressure-L01 Pa at 373 B}, its transitions in glycolic acid. Both transitions were observed under
gas-phase spectroscopy was not investigated until recently. dry conditions in which water impurities have been removed
Also, the structures of glycolic acid hydrogen bonded to up to by vacuum sublimation. Experimental and theoretical values for
six water molecules have been studied using ab initio theoreticalthe harmonic frequencies and anharmonic constants of both
methods>* However, evidence of hydrogen bond formation has O—H stretching transitions were extracted and are compared
not been experimentally obtained. with theoretical calculations in the literature. Also, new calcula-

This work is also motivated by the interest in understanding tions for anharmonic frequencies, intensities, and relative
the importance of organic molecules in atmospheric chemistry energies are presented for three conformers of glycolic acid. In
: _ the presence of water, an interesting broad spectral feature
con)rTz;:jc\)N:c?l:n correspondence should be addressed. E-mail: vaida@ appeareq und_erneat_h_lfand 4y, New_calculatior_ls for harmonic
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explain spectral perturbations. This work suggests that the The light source used for the absorption experiments was a
perturbations are caused by intermolecular hydrogen bondingNorthern Lights tunable dye laser (NL-5-2 MF6) pumped by a
of glycolic acid with water. Observation of such features may Big Sky frequency doubled Nd:YAG laser. The wavelength of
have broader implications for the study of hydrogen-bonded the dye laser was calibrated using a 0.01 nm resolution spectrum
molecular clusters, which may be significant contributors to of H,O at 434 K over the region (736740 nm)3® The

atmospheric chemistry and clima&3? bandwidth of the dye laser was estimated to be a maximum of
1 cmrt according to the manufacturer’s specifications. Nonex-
Experimental Section ponential ring-down decays were observed for water since the

L . L dye laser bandwidth was greater than the line width of its
Spectra of glycolic acid were taken using a pulsed cavity ring- ansitions. However, this effect is insignificant since the

down spectrometer very similar to that of Brown eflhe calibration was only concerned with the frequencies fgdH

cell was wrapped with heating tape, insulating cotton, and the pyise width of the Nd:YAG laser had a full-width at half-

aluminum foil, allowing for temperature control. The heating ,-vimum (fwhm) of 7 ns. The LDS 751 laser dye was chosen
system was calibrated by inserting a thermocouple into the Ce”(max pulse energy of 1'_6 mJ at 744 nm, tuning range of

and monitoring the internal temperature under the same Condi'approximately 725 to 780 nm, 8 104 M) to best overlap the

tions as those used in the experiment. Glycolic acid Vapor Was predicted overtone transitions in glycolic acid. The output from
prepared by heating a solid reservoir of Aldrich 99 wt %£H 5 qye laser was directed through an isolator composed of a

OHCOOH to 365+ 2.5 K and flowing 0.6-1.0 slpm of He 53176 (Newport, 10GLOBAR.14) and waveplate (Newport,
gas at a constant rate over the top of the sample. The effectlveOSRP)_ The beam passed through a 50 cm focal length lens to
path length of the cellR.) is the ratio of the distance between .imate the beam to a spot size similar to the low-order
the cavity mirrors and the distance over which the s_ample 'S transverse electric modes of the optical resonator. The beam
present and was 12 0.2 for these experiments. Two dlffer(_ant . was then directed to two turning mirrors before entering the
solid samples were used during these experiments. The first 'Spreviously described cell. The residual beam exiting the cell

a "wet” sample in which the glycolic acid was put in a solid 55 girected onto a turning mirror and through a negative lens
reservoir as obtained from the manufacturer (99 wt % has a 4t focq] length 50 cm where it was expanded onto a commercial
primary impurity of "_IZO)' The second is a “dry” sar_nple N PMT (Hamamatsu, R943-02), interfaced to a commercially
which the glycolic acid had undergone vacuum sublimdtion 5 5ijaple data acquisition card (Gage Compuscope 1250). The
for 12 h at 363+ 5 K. All experiments were performed at  jnierfaced software has been described previously in the
constant flow rates at atmospheric pressure. , literature?8 The card sampled at 2 MHz for all experiments. In
'Glyclollc acid vapor is difficult to observe spectroscopically e spectral regions of interest, 10 ring-downs were averaged
primarily due to its low vapor pressure-80.3 Paat 348 Kand e wavelength interval with resolutions of 0.2 and 0.01 nm.
~101 Pa at 373 K). In addition, under the conditions of the ynder the conditions for these experiments, the minimum

present study, the wet glycolic acid sample readily formed yetectable absorption coefficient was calculated to bel®10
aerosols at temperatures greater than 383 K, preventing any ringem-1 for a 1 sintegration time3

down signal from being obtained (ring-down time constants
decreased te-5 us). At even higher temperatures, glycolic acid
is known to thermally decompose into CO,® and CHO 32
Glycolic acid can dimerize at lower temperatures, which is an  The structures of the three stable conformers of glycolic acid
effect common to organic acids, such as acetic acid, for and their monohydrated complex, @@HCOOH-H,0, were
example®® These problems severely restrict the temperature calculated using the hybrid density functional theory method
range over which experimental spectra can be collected. Thus,using the B3LYP"38 functional with the 6-31%++G(3df,-

to maximize the number density of the glycolic acid monomer 3pd)?-43 basis set on the Gaussian 03 programhe harmonic

and prevent aerosol formation in the wet sample, the cell was zero-point vibrational energies were calculated at the respective
maintained at 365 2.5 K. This allowed enough GGHCOOH equilibrium geometries and added to the electronic energy for
vapor in the cell to observev4 and 4/,. No features due tothe  comparison in the relative energy difference between the
glycolic acid dimer were observed. Spectra were collected over different conformers. For glycolic acid, the potential energy
several days to ensure consistency in the results. curve and the dipole moment function, used for the local mode

High reflectivity mirrors were connected to the cell with a vibrational calculation, were obtained by varying the OH bond
peak reflectivity at 760 nm. The mirrors used for observation length while keeping all other structural parameters fixed at their
of 4v; and 4, had a 1 mradius of curvature and gave a equilibrium values.
maximum observable ring-down time constant of 188t 750 In the local mode vibrational calculatidfr;18 we solve the
nm R > 99.997%). Condensation on the mirrors was prevented Schrodinger equation for the one-dimensional molecular vibra-
using a purge volume of helium next to both mirrors as discussedtion
below. Mirror cleanliness was monitored carefully over the
course of these experiments. With the cell maintained at365
2.5 K, there was no noticeable change in the maximum
observable ring-down time constant over the course of the
experiments.

Each mirror was connected to a mount made up of an
adjustable flange connected to a fixed flange by steel bellows,
similar to the apparatus of Atkinson et®lAlignment of the
mirrors was obtained by supporting the mirror mounts inside
of commercial kinematic adjusters. A small purge volume of 8
helium was introduced directly in front of the mirrors at a _ o - ~
constant flow rate of 0.5 slpm throughy in. diameter ports. Al) = 3hc |@”|ﬂ|w°mzv“o (2)

Theory and Calculations

h2 d2
“omge V(R)]l/)U(R) =E».,(R) @

whereR, m, andV/(R) are the internuclear distance, the reduced
mass, and the potential energy curve, respectively. The inte-
grated absorption coefficient (cm molectle of each OH
stretching transition is given by
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Figure 1. Cavity ring-down spectrum of glycolic acid under dry conditions at 363.5 K and 0.01 nm resolution. The solid gray traces show
the two mixed Gaussian/Lorentzian functions used to simulate the two transitions in the spectrum. The dashed gray trace shows the sum of the two

functions (goodness of fiy? = 0.763). The parameters for each peak areat 13 373 cm?, fwhm = 38 cn1l; 4v; at 13 351 cm?, fwhm = 42
cmL. The total integrated cross-section for the combinedahd 4/, transitions is approximately 3.4 1072* cm molecule?.
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where v, is the transition energyE, — Ep) in cm™! and |- stretch in methanol, an effect that has been observed in the

O, li|yolP is the square of the transition moment vector. The fundamental and first overtone regiohs.

vibrational calculation was done on thMathematicgprogram Experimental values for the total integrated cross-sections for

using the grid variational method as reported before by one of 4y, and 4, were obtained by integration of the observed

the authorg?4% features (Figure 1) over wavenumber. A number density of 2.0
x 10 molecules cm® was calculated from the vapor pressure

Results and Discussion of glycolic acid at 373 K, since this was the only available data.

This value should be close to the vapor pressure at 365 K. By

In Figure 1, a portion of the spectrum obtained for dry the use of Beer's law, the integrated absorption cross-section
glycolic acid using the cavity ring-down spectrometer is shown. for the transitions was found to be 3: 1021 cm/molecule.
The 4; and 4, transitions are distinguishable. The spectrum Through the use of the theoretical prediction of the relative line
contains overlapping absorbance due to these two vibrationalintensities (see Table 1), the cross-section can be decomposed
transitions which are separating because of different harmonicinto a 1.5x 1072* cm/molecule component for the'flalcohol
frequencies and anharmonicities. This separation is evidencedO—H stretch and a 1.6« 1072* cm/molecule component for
by the fwhm of the feature being 60 ciwhich is an increase  the 4v; acid O—H stretch.

of about a factor of 2 in the fwhm ofy/v; and 21/2v2.* An Table 1 also presents a compilation of new I stretching
attempt was made to model the rotational envelopes of thejprational frequencies, intensities, and relative energies for the
a|COh0| and overtone tl‘anSItlonS USIng a Standard asymmetricthree |Owest energy Conformers Of g|ycolic acid_ Recent near-
top Hamiltonian, but a reproduction of the observed band shape|r work had assigned a narrow feature to high energy of the
proved too challenging given the uncertainties in the band /1, O—H stretches as attributed to the lowest energy rotational
origins, relative intensities, temperature, and upper-state rota-isomer of glycolic acid. The assignment was based on previous
tional constants. Instead, the absorbance region was analyzeghatrix isolation spectroscofyharmonic frequency, and anhar-
by modeling a convolution ofi4/4v, with two mixed Gaussian/  monicity calculations, as well as Boltzmann statisticBhe
Lorentzian functions. There is a distinct absorption feature on Boltzmann population analysis assumes that the population of
the high-energy side of the overlapping transitions in Figure 1. the rotational isomers is @E«T whereAE is the difference of
This spectral feature observed at 13 3821 cmit to high the zero-point corrected energies of the isomers. Calculations
energy of the main peak was assigned as the Q-branch of thein the present work reaffirm this assignment in two ways. First,
acid O-H stretch, 4. The band centers of both transitions were  the frequencies calculated using B3LYP 6-31G(3df,3pd)
obtained by modeling the absorption profile with two mixed again qualitatively predict the acidic-M stretch of the second
Gaussian/Lorentzian functions using standard nonlinear least-lowest energy conformer (3596 ci) to be higher in frequency
squares iterative fitting (see Figure 1 for results). This analysis than that ofv; of the lowest energy conformer (3593 th
allowed identification of the band center frequencies fer 4  Previous work had calculated 3657 and 3582 trior these
and 4, at 13 373+ 1 and 13 351 1 cni'L, respectively. These  two conformers, respectivelSecond, new calculated intensities
acid and alcohol assignments are qualitatively justified by in the present work agree favorably with the near-IR observa-
comparing 4 for formic acid ¢(~13 280 cn)*6 and 4/, for tions at 353+ 5 K. Through the use of the zero-point corrected
methanol {13 700 cn)*” which are the analogous acid and energies for the conformers presented in Table 1 as well as
alcohol to glycolic acid. The intramolecular hydrogen bonding previous literature valueisthe equilibrium distribution should
would substantially red shift the alcohol €M stretching consist 0f<97.5% of the lowest energy conformer at 353 K.
transition away from the-13 700 cnt?! observed for the ©H Previous estimatésf the zero-point corrected energies likewise
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TABLE 1: Compilation of Density Functional Theory Calculations for Frequencies, Intensities, and Relative Energies of
Glycolic Acid and Its Two Lowest Energy Rotational Isomers Using B3LYP 6-31%+G(3df,3pd)

Glycolic Acid Isomer 0.00 kcal/mol

v Acid O-H Stretch

v2 Alcohol O-H Stretch

Quantum Anharmonic | Intensity Anharmonic | Intensity Structural
Number (v) | Frequency (cm/molecule) | Frequency (cm/molecule) | Representation
(cm™) (em™)
1 3593 9.56E-18 3567 1.20E-17
2 7027 5.94E-19 6965 3.01E-19
3 10310 3.17E-20 10197 1.94E-20
4 13445 241E-21 13271 1.66E-21 0.00 keal/mol isomer
5 16438 2.82E-22 16190 2.09E-22
6 19293 4.52E-23 18963 3.64E-23

Glycolic Acid Isomer 2.56 kcal/mol

vy Acid O-H Stretch

va Alcohol O-H Stretch

Quantum Anharmonic | Intensity Anharmonic | Intensity Structural
Number (v) | Frequency (cm/molecule) | Frequency (cm/molecule) | Representation
(em™) (em™)
1 3596 9.68E-18 3665 6.14E-18
2 7034 5.45E-19 7171 3.90E-19
3 10321 2.89E-20 10521 2.26E-20
4 13460 221E-21 13723 1.78E-21 2.56 keal/mol isomer
5 16458 2.57E-22 16780 2.09E-22
6 19318 4.09E-23 19697 3.24E-23

Glycolic Acid [somer 3.24 kcal/mol

v Acid O-H Stretch

v> Alcohol O-H Stretch

Quantum Anharmonic | Intensity Anharmonic | Intensity Structural
Number (v) | Frequency (em/molecule) | Frequency (em/molecule) | Representation
(em™) (em™)
1 3478 2.38E-17 3691 8.22E-18
2 6779 3.76E-19 7221 5.90E-19
3 9906 2.53E-20 10594 2.91E-20
4 12864 2.42E-21 13814 2.04E-21 3.24 kcal/mol isomer
5 15660 3.22E-22 16886 2.22E-22
6 18300 5.58E-23 19813 3.27E-23
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TABLE 2: Comparison of Observed and Calculated Frequencies for the Fundamental and Overtone Transitions of; and v, in
Glycolic Acid Vapor

calculated frequency (cm)
B3LYP 6-31H-+G(2d,2p)

calculated frequency (cr)

experimental B3LYP 6-31H-+G(3df,3pd)

frequency (cm?) unscaled ref 1
V1 3585.5, ref 1 3593 3581.7
21 6995.6, ref 1 7027 6988.2
4y 13382+ 22 13445 13278
2 3585.5, ref 1 3567 3561.0
2v; 6995.6, ref 1 6965 6942.8
4v, 13355+ 17 13271 13168.8

a Present cavity ring-down work.
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Figure 2. Birge—Sponer plot including linear fits for boty, andv; of glycolic acid. Theoretical values using the local mode (LM) and normal
mode (NM) perturbation approaches are shown for comparison. Note the significantly smaller difference in frequency between the two modes in
the case of the NM perturbation.

led us to believe the lowest conformer will dominate the usage of the local mode model picture for the vibrational
distribution. If this is correlated with the new rotamer intensity calculation. To gain a deeper understanding on this discrepancy,
calculations from Table 1, then one obtains that the vibrational we performed further analysis on the most stable glycolic acid
spectrum in the IR/near-IR should have a contribution from the isomer. As Kjaergaard has report€dB3LYP overestimates the
acid O—H stretch in the second lowest energy conformer which red shift in a hydrogen-bonded stretch vibration; thus, theoretical
is 1-3% of the totalvi/v, intensity. This is in excellent  values given for the ©H stretch vibrations may be overesti-
agreement with the observed 2H11.2% contribution which mating the red shift. Local mode vibrational calculation using
was attributed to absorption by the second lowest energy the potential energy curve calculated by the MP2 method with
conformer. the same basis set resulted in a 150 &splitting between the
Table 2 compares the calculated and experimental transitionthird overtone peaks. To examine the importance of the coupling
frequencies. Both sets of theoretical values predict the frequencywith other vibrational modes, we performed anharmonic cor-

of the alcohol G-H stretch ¢,) to be less than that of the acid
O—H stretch ¢4). In addition, predicted frequencies fay;
agree better with the experimental values than thosevfer
The observation of the separatingy4v, transitions in the third

rections to the harmonic normal mode frequencies using the
perturbative scheme reported by Bardhaising the B3LYP
potential energy surface. It was found that the vibrational
coupling causes the splitting between the twekDstretching

overtone region is an important result, but the transitions did modes to decrease at the first overtone level. Under the
not separate as much as predicted by the calculations in previouperturbative calculation, the separation betweenahd 2; is

near-IR work! The near-IR work had observed bathiv, and

2v1/2v, in almost complete accidental degeneracy. However,

high-resolution observations of two distinct sets of rotational

5 cnTt while the local mode approximation (see Table 1) results
in a 60 cnT?! separation. The effect of the coupling is clearly
seen in Figure 2, where a Birg&poner plot for the; andv,

lines had implied that the two transitions could be separated atmodes of glycolic acid is given for the experimental and

higher energies where different anharmonicities would shift
andv, by different amounts. Anharmonic frequency calculations
from the present work predicted’4to occur at 13 445 cni
and the alcohol ©H stretch at 13 271 cnt (Table 1). The
predicted separation of175 cnt! is much greater than the
~20—-25 cnt! separation that was actually observed.

There are two possible explanations for this difference in
splitting (1) the limitation of using the B3LYP method to
calculate the potential energy curve or (2) the limitation in the

theoretical values. Interestingly, the—® stretching mode
showed a large coupling with the concerted-I® wagging
motion. This wagging motion of the acidic and alcoholie B
bonds is strongly coupled by the intramolecular hydrogen bond
in this molecule, thus, resulting in a concerted wagging
vibrational mode. Therefore, it is expected that vibrational
coupling with other vibrational modes, especially the concerted
O—H wagging vibration, is the probable origin for the discrep-
ancy in the splitting between the local mode theoretical
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TABLE 3: Comparison of Experimentally Derived and Calculated Harmonic Frequencies and Anharmonic Constants

v1 harmonic v1 anharmonic v, harmonic v, anharmonic
frequency (cm?) constant (cm?) frequency (cm?) constant (cm?)
experimental 3743.0 80.3 3747.7 82.2
calculated B3LYP 3741 75.5 3727 81.4
6-311++G(3df,3pd)
@ Present cavity ring-down work.
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Figure 3. Spectrum of glycolic acid vapor obtained36 Pa of HO (wet conditions) at 365 2.5 K and 0.2 nm resolution. The broad spectral
feature between 13 150 and 13 600 ¢ris emphasized with the black trace and occurs only in the presence of water. This feature makés up
of the total integrated intensity.

TABLE 4: Compilation of New Density Functional Theory Calculations for Frequencies (harmonic), Intensities, Relative
Energies, and Binding Energies of CHOHCOOH —H,0 and Three of Its Rotational Isomers Using B3LYP 6-31%+G(3df,3pd)?

& o .\.
e \—{ “ | -9 ]
Structural od v ’}{
Representation =
- Y
- o
AE, ZPE-corrected 0.00 3.339 2.208 6.949
AE’, ZPE-corrected 0.00 2.85 2.26 7.04
BE (ZPE-corrected) | 9.317 (6.962) 6.020 (3.623) 9.682 (7.315) 5.462 (3.761)
Acid O-H Freq. 3337 3745 3315 3443
Acid O-H Int. 1.28E-16 1.05E-17 1.33E-16 1.29E-16
Alcohol O-H Freq. 3741 3595 3820 3828
Aleohol O-H Int. 1.24E-17 4.95E-17 9.18E-18 9.50E-18
H-Bond O-H Freg. 3673 3674 3641 3714
H-Bond O-H Int. 4.04E-17 7.67E-17 4.96E-17 J.05E-17
Free O-H Freg. 3876 3883 3876 3882
Free O-H Int. 1.64E-17 1.48E-17 1.54E-17 1.8BE-17

aAll energies are in kcal mol, frequencies in cm', and intensities in cm molecule ZPE: zero-point energy; BE: binding energy.
b Reference 4.

calculation and the experimental results. In addition, the and Mgller-Plesset second-order perturbation theory (M2,
relatively low level of ab initio theory employed likely contri-  including molecules with intramolecular hydrogen boh#s
butes to this discrepancy as evidenced by the work of Kjaergaard The experimental harmonic frequencies and anharmonic
et al> However, full dimensional quantum vibrational calcula- constants were extracted from the linear fits in the Bir§poner
tion of such a complex molecule is not possible, and it is plot (Figure 2). For the acidic ©H stretch ¢1), the experi-
expected that the absorption intensity is mainly given by the mentally extracted harmonic frequencaye] and anharmonic
O—H stretching chromophore. Thereby, we are confident that constant @exe) were found to be 3743.0 and 80.3 thn
the absorption intensities, at least the ratios between the tworespectively. For the alcohol-€H stretch {,), the experimen-
stretching modes, are accurate for the decomposition of thetally extracted values were found to be 3747.7 and 82.2cm
experimental spectra. There is significant literature evidence that These results are summarized in Table 3.

local mode calculations will give good relative intensities even  Spectra of glycolic acid taken with a 1% impurity of water
with lower ab initio levels such as Hartre€ock (HF), B3LYP, (wet sample) showed very different behavior to the sample that
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had been prepared by vacuum sublimation (dry). By examining counterpoise methaotd, along with its zero-point corrected
the intensity of the water rotational lif€detween 13 150 and  energies are also given in Table 4 (at the geometries optimized
13 600 cni! in high-resolution spectra (0.01 nm), the wet without the counterpoise correction). For the lowest energy
sample was found to contain an upper limit of 36 Pa ¢OH conformer, the frequency of the hydrogen-bonded wateHO
vapor. Figure 3 shows a representative spectrum obtained undestretch was calculated to be 3673 ©mThis is close in
wet conditions. The spectrum contains a broad, weak underlyingfrequency to the fundamental harmonic frequencies/fand
spectral feature that was absent from dry spectra. Spectra were, of the glycolic acid monomer. In addition, the intensity of
taken in the wet sample in regions whereCHand Q vapors the hydrogen-bonded water- stretch was calculated to be
absorbed strongly to ensure that this absorbance feature wagnhanced by about a factor of 4 from the asymmetric stretch of
not caused by these two species directly. Also, a check wasH>O and is at least 3 times as intense as either of glycolic acid’s
made on the absorbance of glycolic acid’s thermal decomposi- O—H stretches. This provides qualitative support that the broad
tion products of CHO and CO in the region of 13 150.3 600 underlying feature is caused by multiple—® stretching
cm~1 which confirmed that the feature was not a result of the transitions in a distribution of glycolic acidwater (CH-
high-temperature decomposition reaction. Thus, this work is OHCOOH-(H20),) species.

confident that the broad spectral feature, while dependent on

water partial pressure, is not directly caused bBHOD,, CH,O, Conclusion

or CO. This work has presented the first observation of theahd

Another interesting result was found by examining what 4;,, O—H stretching transitions in gas-phase glycolic acid using
happens when dry glycolic acid and wet glycolic acid are cavity ring-down spectroscopy. The transitions were shown to
allowed to mix. This means that glycolic acid that had been pe separating as was predicted in previous work on the near-IR
prepared by vacuum sublimation (dry) was allowed to come transitionsy:/v, and 21/2v,.2 The band centers of the transitions
together with a sample of the acid that hae &% impurity of were extracted and compared with theoretically predicted
water (wet) over a time scale of 8 h. Initially, one obtains a positions both new and previously reporfe@lycolic acid
spectrum similar to that of Figure 1 after introduction of the monomer calculations provided anharmonie-B stretching
dry sample. Over several minutes, the spectrum resembles thatrequencies, intensities, and relative energies for the three lowest
shown in Figure 3. Over a period of much longer times (hours), energy conformers. The alcohoH® stretch exhibits intramo-
the dry sample spectrum of Figure 1 is observed. This time |ecular hydrogen bonding which may cause discrepancies
dependence could be attributed to water being used up by thepetween theory and experiment, as expected, while the acidic
glycolic acid sample through intermolecular hydrogen bonding O—H stretch is in better agreement with the theoretical
and Clustering. predictions_

Theoretical work provides some insight into the cause of the  Spectra collected in the presence of water are significantly
spectral changes. The wet spectra show that thel Gtretching different from those obtained under dry conditions. Specifically,
region has been perturbed. The band shape is changed such th#élte 4/1/4v, O—H stretching region was perturbed. However,
the intensity may in fact shift out of the’44v, transition region the perturbation is in good qualitative agreement with theoretical
and become spread over the broad underlying spectral featurepredictions of glycolic acid interacting with up to six water
mentioned above (Figure 3). This change is in good qualitative molecules’* New theoretical calculations in the present work
agreement with ab initio structures of glycolic acid clustered have aided in assignments and understanding spectral perturba-
with one to six water moleculést The theoretical work shows  tions by providing harmonic frequencies, intensities, and relative
that water may readily and preferentially bond to the carboxylic energies for the CEDHCOOH-H,O complex. The presence
acid moiety of glycolic acid. The perturbations in the wet spectra of a broad low intensity feature under wet conditions is probably
may indicate the presence of glycolic acid bonded to one or hydrogen-bonded ©H stretching vibrations of water in a
more water molecules. In fact, the broad underlying spectral distribution of complexes (CH¥DHCOOH-(H;O),). These
feature is not unlike the intermolecular hydrogen-bonding results may be significant for understanding the effects of
features observed in vibrational spectra of other intermolecular clustering and nucleation in more general types of hydrogen-
hydrogen-bonded specig%®® Hydrogen bonding may affect  bonded systems and encourage a continued study of complex
vibrational transitions in many different ways including spectral ensembles of molecular clusters in an atmospheric context using
shifts, altering intensities, and changing band shapes. Furtheroptical spectroscopy techniques.
studies would be required to determine the extent to which the
presence of water affects thesdacidic O—H stretch. It is Acknowledgment. V.V. thanks the NSF for funding. We
concluded that the behavior of this transition is highly sensitive also acknowledge the support of Academia Sinica and the
to the presence of water. However, the literature contains no National Science Council of Taiwan. S. S. Brown is thanked
calculations on the vibrational frequencies of these complexes.for CRD expertise and support. H. G. Kjaergaard is also thanked

Calculations in the present work build on both the theoretical fOr insight and useful discussions.
work of Thakkar, Kassimi, and Hwand the experimental cavity
ring-down spectra in the present work. The calculations provide
frequencies and intensities of @AHCOOH-H,0 for three (1) Havey, D. K.; Feierabend, K. J.; Vaida, ¥.Phys. Chem. 2004
rotational isomers of glycolic acid to aid in the analysis of 108 9069. _ . _ ,
observed diﬁerenpes in the wet and dry spectra. The qalculatipnsGun(tﬁ)az?l,l_? ”E.‘_g};‘e'cﬁgchsﬂi(’cti'p\évﬁ; Agggwéé?iggl.’ N Grass, G
are performed using the double harmonic approximation, which — (3) Roy, A. K.; Hu, S. W.; Thakkar, A. . Chem. Phys2005 122
makes use of a harmonic potential curve and linear dipole  (4) Thakkar, A. J.; Kassimi, N. E.; Hu, S. \€hem. Phys. Let2004
moment function. A compilation of these calculations and 387'(51)42!:'Iock M. Ramek, Mint. J. Ouantum CherrL962 26, 505
comparison, where appllcab]e, .to other .I|terature values is ®) Godfr’ey, P.D.: R(’Jdgers, F.M.: B:Jown’ R. D.Am. Chem. Soc.
presented in Table 4. The binding energies for the hydrated 1997 119, 2232

clusters corrected for the basis set superposition error by the  (7) Blom, C. E.; Bauder, AJ. Am. Chem. S0d.982 104, 2993.
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