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This work presents an analysis of the previously unobserved vapor-phase spectrum of glycolic acid in the
IR/near-IR region (20008500 cnmt). The focus is on distinguishing between the B stretches of both the

acid and alcohol functional groups by using intermediate resolution FTIR spectroscopy. Vibrational transitions
due to combination bands and overtones were assigned and relative intensities were obtained. The contribution
of a rotational isomer to the vibrational spectrum of OHCOOH at 353 K is discussed. Theoretical
calculations of harmonic frequencies and anharmonicities are reported on the two lowest energy conformers

of glycolic acid and provide supporting evidence for the proposed assignments.

Introduction carried out on the two lowest energy conformers of glycolic

) ) ) acid and provide supporting evidence for peak assignments.
Carboxylic acids are some of the most important types of

organic molecules in the atmosphéréow vapor pressure
carboxylic acids have been found to make up a substantial
fraction of organic compounds in aeros#t§. Higher vapor The lowest energy geometry for GBHCOOH was obtained
pressure acids, such as formic acid and acetic acid, have beefirom microwave spectroscog§.This geometry was optimized
studied in the atmosphere in a variety of environménls.  and harmonic frequencies were obtained by using the B3LYP/
CH,OHCOOH (glycolic acid) is the simplest-hydroxycar- 6-311++G[2d,2p] method within the Gaussian 98 suite of
boxylic acid. It has been found to account for 3:56%.26% of programs? This theoretical method and basis set had been used
organic content of aerosols in a polluted troposphared is in previous work on G-H containing compounds to obtain
recognized by atmospheric modelers as a significant atmospheridiarmonic frequencies which most closely matched experi-
oxidation product? Despite its atmospheric importance, the ments?*~23The same method and basis set were used to obtain
fundamental spectroscopy of vapor-phase glycolic acid has nota one-dimensional potential energy curve as a function-ofiO
been examined to date. bond distance while leaving all other structural parameters fixed.
&line-point grids centered about the equilibrium bond distances,
obtained from the optimized B3LYP geometries, of 0.968 A
for the acid O-H group and 0.967 A for the alcohol-H group
\vere used with a step size of 0.05 A. This was carried out in
order to obtain the anharmonicities for the-8 stretches in
each geometr§t2425The calculated local mode anharmonicities
were then combined with the normal mode harmonic frequencies
to predict the fundamental and first overtone peak positions.
The same calculations were utilized for the next lowest energy
conformer of glycolic acid. The rotamer was optimized again
by using density functional theory with the B3LYP functional
and starting from the literature geometfyEquilibrium bond

Theory and Calculations

Recent studies have been carried out on the spectroscopy an
photochemistry of overtones in an atmospheric coftexat
few have focused on organic alcohols and aétd$.Glycolic
acid presents an interesting spectroscopic system because
contains two functional groups with-€H oscillators. Previous
work on glycolic acid has been confined to matrix studf€'s,
microwave spectroscopy;l” and ab initio calculation¥’18
Matrix studies observed the two-€H oscillators in almost
perfect accidental degeneraéyl heoretical studies have focused
on understanding the different rotational isomers of glycolic
acid178Extremely useful microwave studies have provided the

structures for different conformers of glycolic ackf’ distances of 0.9618 and 0.968 A were used for the acid and
This work presents an analysis of the vapor-phase spectrumalcohol groups respectively in order to obtain anharmonicities
of glycolic acid in the IR/near-IR region (206@500 cnt?). It for each O-H stretch in the rotational isomer. The calculated

focuses on distinguishing between the-B stretches of both  harmonic frequencies and anharmonicities were scaled by factors
the acid and alcohol functional groups as well as assigning of 0.9985 and 0.872, respectively. These scaling factors have
vibrational transitions due to combination bands and overtones. been used previously for B3LYP calculations o B stretching

An important connection to previous wéfkis made by transitions and are the only empirical values that have been
examining the contribution of a rotational isomer to the utilized with the B3LYP/6-31%++G[2d,2p] method 92124
vibrational spectrum of CEOHCOOH at 353 K. Theoretical

calculations of harmonic frequencies and anharmonicities were Experimental Section
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described previousl§:25-28 The cell was wrapped with copper
foil, heating tape, insulation, and a layer of aluminum foil.
Thermocouple gauges were placed on the cell walls between

Havey et al.

TABLE 1: Summary of Selected Normal Modes of Glycolic
Acid and Harmonic Frequencies Calculated with the
B3LYP/6-311++G[2D,2P] Method

the glass or copper foil and the heating tape to monitor the relevant

external temperature. The temperature of the gas inside the cellnormal caled harmonic

was measured by inserting a thermocouple into the cell while M°des description freq (cnt)

gases were flowing through at conditions similar to those used v: ~ O—H stretch acid 3756.5

in the experiment. Because these experiments were done ina ¥z ~ O—H stretch alcohol 3740.2

flow cell and because there have not been any previous IR cross 2 gigg?:gggg”c stretch 1370918%3

sections reported it was not possible to measure the partial . cH, scissor 1489.5

pressure of CHOHCOOH. The cell utilized wedged CaF Ve CH, wag— CO—H bend alcohol 1464.1

windows to prevent internal reflections so that spectra could — C—C stretch+ CH; scissor (ref 14)

be obtained at resolutions up to 0.1 ¢m vz~ CO-Hbendalcohott C=Oipwag 1350.5
Vapor-phase CLODHCOOH was generated by bubbling N + g_g acid Srt]retcfh* CO—H bend acid

through a melted sample of Aldrich 99 wt % of @BHCOOH Ve CH:wa_ngS(t:rgEH(tr)in%fglcohol 1295.6

with the temperature maintained at 3&35 K and a flow rate — CO—H bend acid (ref 14)

of 300 standard cubic centimeters per minute (sccm). The melted v  CO—H bend acid— C—O stretch acid 1169.7

glycolic acid sample was prepared by vacuum sublimation at — C—0 stretch alcohol (ref 14)

313+ 10 K for 5 days. All CHOHCOOH measurements were vis  CHpasymmetric stretch 3040.6

made at a cell temperature of 3535 K. The IR spectrum of TABLE 2: Observed Transitions and Relative Intensities in

glycolic acid showed no detectable CO or £t did contain Glycolic Acid
substantial amounts of . The interference from #0 was freq integration rel intensity at
minimized by sp_ectral subtrac_tl_on obB vapor measured under (e assignment region (cnT?) 1-onT resolution
the same experimental conditions.

Light from the spectrometer was focused through the cell gggéj 515 2795-2980 0.35

: 3
with a pgth length of 100 cm. CZIG)H?OQH spectra were 3585.5 i1, 3530-3622.5 1
recorded in the range of _209(8500 cmt with resolutions of 4730.4  vilve + ve 4650-4762.5 0.02
1 and 0.1 cm?. The experiments used a quartz halogen source, 4836.1 wvi/v,+ vg 4762.5-4967.75 0.05
InSb detector, and Cabeam splitter. For CWDHCOOH, 1000 4925.6  vilvy + vy
scans were coadded for spectra with 1=émesolution and 698 gggg-i z%z i ZG Orvs ;12t6i7r{t7e%_ r5a?§§25 0.01

. _ . . V2 4

scans were coadded for spectra with 0.1=&mesolution. 6995.6  21/2vs 6955-7025 0.05

The vibrational-band intensities of observed transitions in
CH,OHCOOH were determined by integrating the area of  There are several pieces of evidence that provide support for
various bands over regions where the absorbance went to zerothe feature centered at 3585.5 ¢hto have intensity contribu-
Since the partial pressure of GBHCOOH was unknown, tions from both G-H stretches. First, the high-resolution (0.1
relative intensities and not absolute intensities are reported. ¢m ) spectrum in a water-free region allowed for examination
. . of rotational line intensities and spacings. The spectrum showed
Results and Discussion two distinct series of rotational lines of different intensity. One
Glycolic acid belongs to th€; point group and thus all 21  series was spaced by 0460.1 cnt?, which is approximately
of its normal modes are active in the infrared. Many of the two times the ground-state rotational constar{0.356783325
observed transitions in the near-IR region are due to overtonescm™1) for glycolic acid!® The second series was spaced by 0.2
and combinations of the fundamental normal modes. The most4 0.05 cnT?, which is approximately two times the ground-
prominent feature observed in this work is due toitile, O—H state rotational constai (0.13512789 cmt).16 The intensity
stretches which are centered near 3585 tnGlycolic acid of the series spaced by 0460.1 cnt! is approximately twice
contains two G-H oscillators that are almost isoenergetic. The that of the series spaced by G20.05 cnt. The calculations
calculations done in this work show that themode consists in this work showed that both ©H stretches correspond to a
primarily of O—H stretch in the carboxylic acid functional group  dipole moment change in ttegb inertial plane. The carboxylic
while thev, mode is caused by the-€H stretch in the alcohol acid O—H stretch oscillates nearly parallel to thénertial axis
group. This differs from previous theoretical work that assigned while the O-H stretch of the alcohol primarily oscillates parallel
the alcohol group as; and the acid group ag.** A summary to theb inertial axis. Thus, the observed intensity pattern may
of the normal modes and calculated harmonic frequencies ofindicate two distinct overlapping transitions with different
glycolic acid that are relevant to this work are presented in Table rotational line spacings. This evidence is consistent with
1. A summary of all observed vibrational transitions, integrated previous matrix work* that assigned both ©H stretching
intensities relative to the combined andv, O—H stretches, transitions to one feature at 3561.3 ©mFinally, calculations
and assignments is presented in Table 2. from the present work show that each—-8 stretch should
Spectra were collected at a resolution of 0.1 ¢ro better contribute equally (within 5%) to the IR absorption intensity.
investigate the overlapping, andv, transitions. Spectra of; Thus, the band almost certainly contains both theand v,
and v, recorded at both 1- and 0.1-céresolutions are transitions with both transitions contributing significant intensity.
presented in Figure 1. Water vapor has been subtracted to the The first overtones of the,/v, stretches were centered about
best of the authors’ ability, but several residual water lines 6995.6 cm’. A 1 cm™? resolution spectrum of this region is
remain in the high-resolution spectrum. However, it is clear that shown in Figure 1. The integrated intensity of these transitions
thevi/v, band has a well-defined-FQ—R branch structure. If is 0.05 relative to the fundamented/v, modes. This factor of
v1 andv, overlap then their transition frequencies lie within 10 20 intensity drop is consistent with that of strong ad¥s,
cm! of each other. This would leave the band shape of the organic acid$32°and alcohol$213Figure 1 shows the notice-
combined transitions relatively unperturbed. ably asymmetric shape of the overtone transition. Although the
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Figure 1. Expanded spectra @f/v, of glycolic acid at 0.1-cm’ resolution (1-cm* resolution offset below in gray) and22v at 1-cnt* resolution
are shown. Water vapor was subtracted from all spectra, but residual water lines remain in the high-resolution spectrum. Analysis of the high-
resolution spectrum in a water-free region revealed two distinct series of rotational lines spaced by approximately 0.6 arid 0.2 cm

TABLE 3: Calculated O —H Stretch Harmonic Frequencies, Anharmonicities, and Peak Positions

calcd harmonic calcd anharmo- predicted peak predicted overtone

freq (cnT?) nicity (cm™?) position (cnT?) position (cnT?)

O—H stretch acid 3756.5 87.4 3581.7 6988.2

O—H stretch alcohol 3740.2 89.6 3561.0 6942.8

rotamer O-H stretch acid 3828.0 85.4 3657.2 7143.6

rotamer O-H stretch alcohol 3755.7 81.9 3591.9 7020.0
full-width at half-maximum (fwhm) of the overtone (3% 4 glycolic acid (Figure 2) and are also reported in Table 3. These
cm™1) is comparable to that of the fundamental 82 cni?), calculations were performed in order to offer an explanation

the band shape appears to have a broad low-energy tail thafor the narrow features to high-energy of the Q-branch in the
was not observed in the fundamentat-B stretching region. overtone region (7003 cm). Interference from gas-phase water
This suggests that the-€H stretches of the acid and alcohol prevented a definitive observation of such features in the
might be separating in the overtone region due to their different fundamentab,/v; region. Previous SCF/4-31G calculations on

anharmonicities. If the second overtone region (10-200500 vibrational frequencies of glycolic acid rotamers were useful
cm1) were observed one would expect an even greater degreebut were not of sufficient accuracy to compare with this
of separation between these transitions. experimental worke8 Similar blue-shifted spectral features have

Calculations done on the-€H stretching transition frequen-  been observed in 1$0,1%?8and were assigned as rotamers. The
cies for both the acid and alcohol groups are summarized in results of the present work show a predicted peak position for
Table 3. The peak position for the acid—® stretch was the alcohol O-H stretch at 3591.9 cmt and a predicted
calculated to be 3581.7 crhand differs from the observed peak overtone position of 7020.0 cth The calculations on the
position by 3.8 cm®. The alcohol G-H stretch calculations  alcohol O-H stretch in the rotamer should be affected less by
are not in good agreement with the observed peak position sincehydrogen bonding due to its different geometry. The acieHD
they give a predicted peak position of 3561.0¢mAssuming stretch has a predicted peak position of 3657.2tend a
that the transition at 3585.5 crhcontainsy; andv, overlapping predicted overtone position of 7143.6 cmThese calculations
almost completely, the alcohol calculations give a peak position suggest that the feature at 7003 ¢ris caused by the alcoholic
that is 25.2-cm? red-shifted from the observed value. This was O—H stretch of the second lowest energy conformer of glycolic
unexpected given the good agreement between experiment anécid. Previous theoretical work calculated this isomer to be 8.285
theory for the acid ©H stretch. kJ/mol above the lowest energy geoméihit the temperature

The discrepancy between the alcohol group’s theoretical andof these experiments (353 K) it is predicted, using Boltzmann
observed G-H stretching peak position can be explained by statistics, that 6% of glycolic acid molecules are in this
considering intramolecular hydrogen bonding between the configuration. Therefore, assuming the cross-section is compa-
alcoholic hydrogen and the carbonylic oxygéirevious work rable to that of the equilibrium geometry,<® stretching
compared the frequency of the alcoholie-8 stretch in glycolic transitions from the rotamer should be observable in near-IR
acid to that in methanol and inferred that strong intramolecular spectra.
hydrogen bonding was likelf. Also, the relative energies of
the two lowest energy conformers (Figure 2) suggest that there
is energetic stabilization by stronger hydrogen bonding in the
lowest energy conforméf. It is possible that the theoretical
treatment of the ©H stretching vibration is unsatisfactory. The
local mode anharmonicity calculations are the most suspect since
the hydrogen-bonded €H stretch is not expected to be
adequately describable by simple-8& oscillation. However,
this work cannot rule out if normal mode harmonic frequencies
calculated with Gaussian 98 are also a source of error.

Vibrational frequency and anharmonicity calculations were Figure 2. Geometries of glycolic acid in its (a) lowest energy and (b)
carried out on the second lowest energy rotational isomer of second lowest energy (8.3 kJ/mol) conformers.
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Figure 3. Expanded spectrum of andvss of glycolic acid at 1-cm?
resolution.

0.003

. V4/Vy + Vs/V,
Vi/vy+vg Vilvy+ vy V1PY27 Vs Ve

0.002 1 Vi/vy+ Vg
0.0015

0.001 4

Absorbance

0.0005

0

-0.0005

-0.001
4600

4650 4700 4750 4800 4850 4900 4950 5000 5050 5100

Wavenumber (cm™)
Figure 4. Expanded spectrum of combination bands of glycolic acid
at 1-cnm! resolution.

The C-H stretching transitions were observed in the region
2795-2980 cnt! and are shown in Figure 3. Previous matrix
work'* assigned the higher energy-€l stretch as’s. Harmonic
frequency calculations in the present work find the asymmetric
stretch (A" symmetry) is 22.3 cmt higher in energy than the
symmetric stretch (Asymmetry). However, because of the
difficulty in distinguishing between these transitions, this work
relies on the matrix assignmenitsThe integrated intensity of
the C—H stretching region was found to be 0.35 that of the
O—H stretching region.

Many combination bands involving the/v, O—H stretches
were observed in the region 4568500 cnt! and examples

Havey et al.

overtone of the ©H stretches were observed and found to
containv;y (acid O—H stretch) andv, (alcohol O-H stretch)
overlapping almost completely. Analysis of the band shapes and
rotational structure of these transitions provided evidence for
this fact but suggested that the modes would be distinguishable
by (1) recording spectra at a resolution of at least 0.01'aon

(2) measurements ofv@3v, or higher. In addition, €H
stretching transitions were observed as well as several combina-
tion bands involving the;/v, O—H stretches. Relative intensi-
ties were measured and mode assignments were made where
possible.

An interesting observation was the analysis of the narrow
feature at 7003 cri. Inspired by previous work on ©H
containing molecules which showed similar spectral featt&s,
this work calculated vibrational frequencies of the second lowest
energy rotational isomer and compared the results to observed
spectra. The results suggest that this feature is due to the
overtone of the ©H stretch of the alcohol group in the rotamer
of glycolic acid. These conclusions are significant for dealing
with the vibrational spectra of polyatomic molecules with
rotational isomers.
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