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Abstract 

 Glycolic acid (GA) dimers were studied in low temperature argon matrices by means 

of FTIR spectroscopy. Experimentally, the dimers were produced when monomeric glycolic 

acid molecules were thermally mobilized upon annealing of argon matrices at 25-35 K. The 

experimental spectra observed upon annealing indicate the presence of three different dimer 

structures. Computationally, MP2 and DFT calculations were used to study the potential 

dimer species in order to scrutinize the possible dimer structures, their energetics and their 

spectral features. Altogether 27 local minima were found for dimer structures for the three 

lowest conformers of glycolic acid considered based on previous studies on glycolic monomer 

in argon matrices. Comparing the computational and the experimental spectra especially in 

the O-H and C=O stretching regions it was possible to assign the experimental observations to 

the three most stable dimer species. 
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1. Introduction 

Hydrogen bonding as one of the strongest intermolecular interactions plays an 

important role in many chemical and biological processes. Hydrogen bonded complexes have 

also a significant influence on the atmospheric chemistry and are considered to contribute to 

chemistry of interstellar media and planetary atmospheres [1-3]. Among many important 

hydrogen bonded species carboxylic acid dimers have been extensively studied both 

theoretically and experimentally [4-9]. Carboxylic acids form in the gas phase very stable 

cyclic dimers with two equivalent O-H…O bridges. In the solid state both cyclic structures 

(dimers) and infinite chains with monomers joined by hydrogen bonds are observed [10-16].  

Monomeric glycolic acid (GA), the smallest of the α-hydroxy carboxylic acids, has 

been studied in the gas phase [17-20], low temperature matrices [21-25] and in supersonic 

expansion [26]. The crystal structure of GA is made up of chains and no isolated cyclic 

dimers are found. The GA molecules are linked by hydrogen bonds formed between 

carboxylic groups as proton donors and hydroxylic oxygen atoms as proton acceptors. The 

geometry of the individual GA molecules in the crystal resembles that of the SSC (syn-syn-

cis) conformer observed in the gas phase with the alcohol OH group slightly deviated from 

the molecular plane.  

According to theoretical predictions [20,21,24] the SSC conformer (see Fig. 1) is a 

global minimum on the potential energy surface of GA. All available experimental data 

confirm that SSC is the most populated form of the compound. The relative abundancy of the 

most stable monomeric form SSC is ca. 95% at room temperature [23]. In addition to SSC 

only small amounts of two less stable isomers: AAT (anti-anti-trans) and GAC (gauche-anti-

cis) were found in jets [26] and in low temperature matrices [21-25].  
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Fig. 1. Schematic representation of  three most stable conformers of glycolic acid monomer. Relative energies 

∆Ε obtained at MP2/aug-cc-pVDZ are given in kJ mol-1 [24].   
 

In this paper we present results of experimental and theoretical studies of glycolic acid 

dimers. Matrix isolation (MI) coupled with FTIR spectroscopy was applied which is an 

established technique for studying small hydrogen bonded systems [27-29]. When supported 

with computational methods the isolated hydrogen bonded complex structures are well 

resolved and distinguishable.  

 

2. Experimental and computational details 

The matrix samples were prepared by passing high purity argon (Messer, 5.0) through 

the glass U-tube with glycolic acid (GA) situated outside the cryostat chamber. The matrix-to-

sample ratio could not be precisely determined, but matrices containing dimeric GA species 

could be obtained by optimizing the deposition temperature and the gas flow rate (2 mbar per 

minute). The GA/Ar gaseous mixtures were deposited onto a cold CsI window kept at 15 K, 

18 K or 25 K by a closed cycle cryostat APD-Cryogenics (ARS-2HW). Annealing 

experiments were performed upon the deposited samples at 25, 27, 30, 33, and 35 K. Sample 

temperature was maintained by a Scientific Instruments 9700 temperature controller equipped 

with a silicon diode and a resistive heater. Infrared spectra were recorded in a transmission 

mode with a 0.5 cm-1 resolution using a purged Bruker IFS 66 Fourier Transform 

spectrometer equipped with a liquid N2 cooled MCT detector. 

All calculations were carried out using the Gaussian09 program package [30]. For all 

types of dimers (SSC-SSC, SSC-GAC, SSC-AAT, GAC-GAC, AAT-AAT) MP2/6-
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311++G(2d,2p) [31-35] calculations were performed. The SSC-SSC dimers were additionally 

studied at the B3LYP, B3LYPD3 and B2PLYPD3 levels [36-42] of theory in order to assess 

their performance compared to the MP2 calculations. The obtained energies of the dimers 

were corrected for basis set superposition error (BSSE) by the Boys-Bernardi full 

counterpoise method [43]. The topological analysis of the electron density (AIM) [44] has 

been performed at the MP2 level using AIM program as implemented in Gaussian09. The 

harmonic vibrational wavenumbers and intensities were calculated at all four levels for the 

optimized dimer structures to assist the analysis of the experimental spectra. In the next 

sections the MP2 energies will be used, unless otherwise indicated. During the study it was 

found that MP2 and DFT calculations yield very similar structural parameters and identical 

energy orders between complex structures. On the other hand, the B3LYP wavenumbers were 

used for the purpose of discussion due to their best fit to the experimental findings, as the 

MP2 computed vibrational wavenumbers showed irregular performance for different complex 

structures. The actual origin of this observation is still unclear and more elaborate 

computational studies are underway beyond harmonic approach to investigate this issue 

further. The B3LYP/6-311++G(2d,2p) wavenumbers of the SSC-SSC dimers scaled by 

0.9506, above 2500 cm−1, and by 0.9845, in the 2500−500 cm−1 spectral region, were used to 

simulate their infrared spectra. The scaling factors were obtained from fitting the computed 

vibrational wavenumbers with respect to the observed vibrational band positions.   

 

3. Results and discussion 

3.1. Computational results 

 Since three monomeric GA isomers SSC, GAC and AAT (see Fig. 1) were detected in 

argon matrices [21,22,24] the calculations have been performed for the following dimers: 

SSC-SSC, SSC-GAC, SSC-AAT, GAC-GAC, AAT-AAT. For these dimers altogether 27 
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local minima were found at all levels of theory. The eight SSC-SSC stable structures (further 

denoted as dSSn, n = 1-8) are presented in Fig. 2 whereas all remaining dimer species are 

shown in Fig. S1 in Supplementary data. The calculated geometric parameters of dSSn dimers 

are gathered in Table S1. Four of these structures are linked by two (dSS1, dSS2, dSS6 and 

dSS7) or one (dSS4) hydrogen bonds of the O-H…O type. In two other species (dSS3 and 

dSS5) the moieties are joined by one O-H…O and one C-H…O bonds. The binding forces in 

the (dSS8) dimer are two C-H…O interactions. Table 1 presents the calculated values of the 

intermolecular parameters obtained for dSSn dimers as well as two topological parameters 

obtained from Bader’s quantum Theory of Atoms in Molecules [44].  

Table 1. Interatomic distances (Å), angles (degree) and 
electron density parameters of the intermolecular bond critical 
points (au) of the glycolic acid dimers computed at MP2/6-
311++G(2d,2p) level. 

Dimer 

Intermolecular 
parametersa 

AIM   
parameters 

Distances Angle 
ρ(r) ∇2ρ(r) 

H…O X…O N–H…Y 

dSS1 
O-H…O 1.744 2.731 179.3 0.038   0.111    

O-H…O 1.744 2.731 179.3 0.038   0.111    

dSS2 
O-H…O 2.023 2.908 151.3 0.021 0.073 

O-H…O 2.024 2.909 151.3 0.021 0.073 

dSS3 
O-H…O 1.777 2.761 179.2 0.036   0.106    

C-H…O 2.402 3.286 137.4 0.011 0.036   

dSS4 O-H…O 1.801 2.756 163.6 0.033   0.106  

dSS5 
O-H…O 1.894 2.863 179.7 0.027 0.090   

C-H…O 2.615 3.148 109.4 0.008  0.028 

dSS6 
O-H…O 1.905 2.866 179.3 0.027   0.088   

O-H…O 2.170 2.898 130.8 0.015   0.058    

dSS7 
O-H…O 2.053 2.941 151.1 0.017 0.067   

O-H…O 1.976 2.768 136.5 0.024   0.084   

dSS8 
C-H…O 2.435 3.400 147.0 0.010   0.033    

C-H…O 2.434 3.399 147.1 0.010   0.033   
a X is O or C atom  
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Table 2. Computed BSSE corrected interaction energies (in kJ 
mol-1) of eight dSSn dimers. 

Dimer MP2 B3LYP B3LYPD3 B2PLYPD3 

dSS1 -64.64 -71.96 -83.39 -76.02 

dSS2 -53.14 -46.02 -64.22 -58.24 

dSS3 -41.21 -38.83 -49.08 -45.61 

dSS4 -35.23 -32.38 -42.17 -38.70 

dSS5 -30.75 -26.48 -37.66 -34.35 

dSS6 -29.46 -26.48 -38.74 -33.76 

dSS7 -28.20 -26.78 -35.31 -32.30 

dSS8 -15.02 -9.96 -18.79 -16.40 

 

The computed interaction energies are presented in Table 2, whereas the relative 

energies are given in Table S2. For the four most stable dimer species the interaction energy 

order is identical at all four levels of theory and the same is true for the overall geometry of 

these structures. The most stable species with the interaction energy of -64.64 kJ mol-1 at the 

MP2 level is dSS1 comprising an eight-member ring formed between carboxylic groups 

bonded by two O-H…O hydrogen bonds with the H…O intermolecular distance of 1.744 Å 

each. The second dimer as to the interaction energy (-53.14 kJ mol-1) is dSS2 with two O-

H…O hydrogen bonds between the alcohol OH groups and carbonyl oxygen atoms and ten-

member ring present. In other cases six-, seven- or eight- membered rings are noticeable with 

the intermolecular H…O distances in the range of 1.8-2.4 Å and 2.4-2.6 Å for the O-H…O 

and C-H…O hydrogen bonds, respectively. The third structure is dSS3 (Eint=-41.21 kJ mol-1) 

characterized by one O-H…O bond formed between carboxylic hydroxyl group and the 

oxygen atom of another OH group. The performed AIM calculations revealed additional 

interaction within the dSS3 dimer of the C-H…O type which has its important contribution to 

the relatively high stability of this species. For the less stable dSSn dimer structures the 

computed interaction energies at MP2 range between -15.02 and -35.23 kJ mol-1. Among 
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them the least stable is dSS8 that does not comprise any O-H…O bond and the moieties are 

connected by two C-H…O interactions characterized by relatively long H…O distances with  

non-linear C…O bridges (see Table 1). 

 
Fig. 2. MP2/6-311++G(2d,2p) optimized dSSn structures of glycolic acid dimer. The dashed lines indicate 
interactions between subunits as evidenced by AIM. 

 
3.2.Experimental spectra of GA dimers in argon matrices and their analysis 

 The vibrational spectrum of monomeric glycolic acid was recorded at 10 K after the 

deposition of a gaseous mixture containing glycolic acid and argon onto a CsI substrate kept 

at 18 K. The most characteristic bands of GA monomer were observed at 3561, 1806, 1783, 

1773, 854, and 825 cm-1 (see trace a in Figs 3 and 4) in agreement with earlier studies [21,24]. 

In addition to the known monomer bands, a number of weaker bands was observed in the 

vicinity of the monomer absorptions. When the sample was annealed at higher temperatures, 

the growth of these weak absorptions was observed while the vibrational bands of the 

monomer significantly decreased. Traces b in Figs 3 and 4 show the νOH and νC=O 
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stretching regions of the IR spectrum after the final annealing at 35 K. The overlap of bands 

in these regions prevented straightforward analysis of the observed absorptions and therefore 

Gaussian functions were used to locate individual maxima and to determine their integrated 

areas. 

 

Fig. 3. The νOH stretching region. Upper graph: the FTIR spectra of GA in an argon matrix measured at 10 K: 
after deposition at 18 K (a) and after annealing at 35 K (b). Lower graph: the result of Gaussian fit of the Type 3 
bands to the data (see text) (c), the computational IR sum spectrum of the dSS1, dSS2 and dSS3 conformers 
simulated with Gaussian functions (fwhm = 1.5 cm-1 in the 3300-3600 cm-1 region and fwhm = 4.0 cm-1 below 
3300 cm-1) (d) and theoretical stick spectra of the three dimers (e). 
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Fig. 4. The νC=O stretching region. Upper graph: the FTIR spectra of GA in an argon matrix measured at 10 K: 
after deposition at 18 K (a) and after annealing at 35 K (b). Lower graph: the result of Gaussian fit of the Type 3 
bands to the data (see text) (c), the computational IR sum spectrum of the dSS1, dSS2 and dSS3 conformers 
simulated with Gaussian functions (fwhm = 1.5 cm-1) (d) and theoretical stick spectra of the three dimers (e). 

 

Fig. 5 shows the result of Gaussian fit to the data of the OH stretching region and the 

integrated absorbance of each observed band at the different annealing steps. The same 

analysis was carried out for the spectrum in the C=O stretching region. Three different 

annealing behaviors were extracted from these data. The monotonic decrease (Type 1) of the 

intensity was characteristic for the monomer bands in the OH and CO stretching regions. Two 

different kinds of growth in the populations of new species may be distinguished on the basis 

of the obtained annealing graphs. The first is monotonic growth (Type 3) while the second 

behavior (Type 2) is characterized by a milder growth and a significant drop in the population 
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during the last annealing step. The Type 2 absorbers have their bands close to the bands of 

GA monomer and typically, the intensities of Type 2 bands are weaker than those of the 

nearby monomer bands. A decrease of the relative population of the Type 2 absorbers is 

observed whereas negligible population changes at the same time of Type 3 and Type 1 

absorbers is recorded.   

 
Fig. 5. Upper graph: the Gaussian functions used to fit experimental data in the OH stretching region. Types 1-3 
stand for the three different kinds of annealing behavior of the observed absorbers. Lower graph: the normalized 
area used in the data fitting during the annealing. Vertical lines are used to separate the regions of the different 
annealing temperatures. 
 

According to the above observations, the Type 2 absorbers may be considered as 

monomers in different sites and/or the monomers distorted by the intermolecular interactions 

of the molecules in neighboring trapping sites.  
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The Type 3 absorbers are the best candidates for the dimers due to their monotonic 

population increase. The validity of this assumption is supported by a linear dependence 

obtained for a plot of the normalized integrated absorbance of Type 1 bands versus the 

normalized integrated absorbance of bands of Type 3 (see Fig. 6). According to this linearity 

between the Types 1 and 3, the role of the Type 2 absorbers is negligible in the dimerization 

process. These assumptions were supported by experiments when the deposition temperature 

was varied. At higher deposition temperatures, the highest intensity bands of the Type 3 

absorbers were already found after deposition. Unfortunately, the higher deposition 

temperature also favored the formation of higher aggregates and accordingly broad bands 

were present in the spectra. Some absorption bands of unstable dimer structures or unstable 

trapping sites of the dimer were also observed after the deposition at 25 K. These bands 

disappeared quickly at the lowest annealing temperatures and the conversion to more stable 

structures or trapping sites were observed. The more complex IR spectrum and annealing 

behavior of GA in an argon matrix at higher deposition temperatures led us to seek dimers by 

the annealing of matrices deposited at 18 K. The infrared spectrum of Type 3 absorbers is 

shown in Figs 3 and 4 (the top spectrum in the lower graph). 

 The annealing experiments here show that monomeric glycolic acid in an argon matrix 

undergoes efficient dimerization at annealing temperatures of 30 K or higher. The size of the 

GA monomer is sufficiently large to prevent a long-range thermal mobility at the deposition 

temperatures used in our experiments. Thus, one may assume relatively high monomeric GA 

concentration in the matrices. Therefore, the dimerization happens between the GA monomers 

in neighboring trapping sites.  
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Fig. 6. The total absorbance of Type 1 (monomer) absorbers plotted against the total absorbance of Type 3 
(dimers) absorbers. Dashed line demonstrates the linearity of the plot. 

 

As the room temperature population of the SSC monomer is ca. 95%, it is reasonable 

to assume that the SSC dimers are the most probable dimer species trapped in low 

temperature matrices. The computational wavenumbers and intensities of three dSSn dimers 

(dSS1, dSS2 and dSS3) were used to simulate the IR sum spectrum that gives the best fit to 

the experimental spectra in the νOH and νC=O regions. This is shown as a middle trace in the 

lower graph of Figs 3 and 4. In addition, computational (stick) spectra of the individual 

dimers are also presented in the bottom part of Figs 3 and 4. The comparison of the Type 3 

spectrum with computational spectrum shows apparent similarities.  

Determination of the structures of the glycolic acid dimers present in the studied 

matrices was not an easy task. For proper choice of the dimer species for the spectra 

interpretation two criteria were taken into account. The first criterion was the interaction 

energy of the dimers and the second, equally important factor, was the calculated spectral 

characteristics of the dimeric forms. The best fit between theoretical and experimental spectra 

was obtained for B3LYP calculations and these data were used for the analysis. On the basis 

of the mentioned criteria the three most stable dimer structures (dSS1, dSS2, dSS3) have been 

chosen for the interpretation of the spectra after annealing (see Figs 3 and 4). 
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The most informative for the analysis is the OH stretching region of the spectra (Fig. 

3). One can readily notice that there are two separate regions where the dimer bands appear. 

The doublet observed at 3188 and 3162 cm-1 is red shifted by -373 and -399 cm-1 relative to 

the νOH band of SSC monomer (3561 cm-1, two overlapping bands due to the carboxylic and 

alcohol hydroxyl groups). According to the performed calculations there are two dimer 

structures, namely dSS1 and dSS3, that are characterized by the νOH shifts of the same order 

of magnitude. In both cases the shifts are those of the carboxylic OH groups involved in 

hydrogen bonds and their B3LYP calculated values are equal to -525 and -421 cm-1 for dSS1 

and dSS3, respectively. In Table 3, the calculated and the experimental ∆νOH and ∆νC=O 

shifts are compared for the most stable dimer structures. The remaining data are shown in 

Table S3 (Supplementary data). 

Table 3. The calculated harmonic (scaled) wavenumber shifts ∆ν (cm-1) and intensities I (km mol-1) of the most 
stable dSSn dimers compared to the experimental shifts. The corresponding monomer data are also given. 

 
dSS1a dSS2 dSS3 Ar matrix SSC monomer 

  ∆ν
b I   ∆ν I   ∆ν I   ∆ν    νtheor νexp 

νOHANs1 +14 65 νOHCBs -2 39 νOHCN -2 90 
 

νOH 
 

-111, -117, -131 
νOHC 3573 3561 

νOHANs2 +14 88 νOHCBas -2 95 νOHAN -11 88 
-373 

νOHCBas -525 3318 νOHABs -78 1043 νOHAB -53 111 
νOHA  3562  3561  

νOHCBs -622 0 νOHABas -98 62 νOHCB -421 1264 -399 

νC=OBas -56 715 νC=OBas -9 766 νC=ON -5 325   -16/-12sh 
   

νC=O -41 νC=O 1773 1773 
νC=OBs -105 0 νC=OBs -16 63 νC=OB -39 268 

  -54/-56sh        
a ν – stretching, s – symmetric, as –  asymmetric, A – alcohol group, C – carboxylic group, B – bonded, N – nonbonded,  sh-shoulder,  theor – 
theoretical, exp – experimental  
b Scaling factors equal to 0.9506 and 0.9845 above and below 2500 cm-1, respectively. 

 

The second set of bands in the νOH region at 3450, 3444 and 3430 cm-1 is 

characterized by much smaller wavenumber shifts of -111, -117 and -131 cm-1. There are 

three dimer structures (dSS2, dSS5 and dSS6) with the calculated ∆νOH shifts, which are 

reasonable close to the experimental values. However two of them (dSS5 and dSS6) have to 

be excluded due to the fact that they are characterized theoretically by relatively intense blue-



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

14 

 

shifted νC=O bands as compared to the monomer band (see Table S3) but this is not what is 

observed experimentally. Therefore, the only possible structure to explain the appearance of 

the νOH bands in question is dSS2 dimer. Possible explanation of the observed multiple 

structure of the absorption at ca. 3440 cm-1 could be matrix site effect.  

Further analysis of the dimer structures present in argon matrices was performed based 

on the νC=O stretching region (Fig. 4). Two dimer bands with the pronounced shoulders are 

observed below the νC=O monomer absorption at 1757/1761sh and 1719/1717sh cm-1. There 

is also an additional broad band with a maximum at 1733 cm-1 (see Fig. 4). The corresponding 

∆νC=O shifts are equal to -16/-12, -54/-56 and -41 cm-1, respectively relative to the monomer 

band at 1773 cm-1. Since the strongest red shift of the C=O stretch among all dimer species 

was computed for the dSS1 form (-56 cm-1) the absorption at 1719/1717 cm-1 may be assigned 

to this cyclic structure with the experimental shifts equal to -54/-56 cm-1. Two remaining 

dimer species (dSS2 and dSS3) are characterized by predicted weaker perturbation of the 

νC=O mode with the values of -9 and -16 cm-1 (dSS2) and -5 and -39 cm-1 (dSS3). The 1733 

cm-1 band (∆νCO = -41 cm-1) is assigned to the dSS3 dimer due to the very good agreement 

with the predicted shift. In turn both dSS2 and dSS3 may contribute to the 1760 cm-1 

absorption characterized by the weakest perturbation of the νC=O mode (-13/-16 cm-1, see 

Fig. 4).  

4. Conclusions 

Based on the experimental findings and the spectral assignment supported by the 

theoretical calculations, the dimers of glycolic acid were observed and characterized for the 

first time. Based on the ∆νOH and ∆νC=O shifts the three most stable species (dSS1, dSS2 

and dSS3) were identified in annealed matrices. All of them are cyclic structures with two O-

H…O hydrogen bonds formed between two carboxylic groups (dSS1), between alcohol OH 

groups interacting with the oxygen atoms of the carbonyl groups (dSS2) and with one O-
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H…O and one C-H…O bonds (dSS3). The observed linear correlation between the absorption 

intensities of monomer and the annealing products pointed out that dimerization was the 

major loss channel of monomers and other formation channels than dimerization were 

negligible.  
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Appendix A. Supplementary data 

Supplementary data related to this article can be found at https://.... 
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� Structure of glycolic acid dimers present in solid Ar was studied by FTIR 
spectroscopy 

� MP2 and DFT calculations revealed 27 stable dimer structures 
� Comparison of the experiment and theory allowed to identify the most stable 

species  


