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Highlights 

• Octa(aminophenyl)silsesquioxane (OAPS) was obtained using two different synthesis routes 

• The OAPS samples were compared using pycnometry, IR, 1D-NMR and 2D-NMR 

spectroscopy 

• Database and DFT quantum mechanical predictions were used to complement the 

experimental characterizations 

• Peaks in the IR, 13C-NMR and 1H-NMR spectra were clearly assigned to specific OAPS 

isomers 

Abstract 

 Polyhedral oligomeric silsesquioxane (POSS) compounds are defined by the chemical formula 

(RSiO3/2)8 with R being an organic fragment. They display versatile features due to the combination of 

both their stable Si-O-Si inorganic cores and the large number of possible organic groups that can be 

attached to them. The present work aims at characterizing a highly-thermoresistant POSS, the 

octa(aminophenyl)silsesquioxane (OAPS). This siloxane-based cage has three different isomers 
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depending on the meta, ortho and para positions of the amines with respect to the phenyl groups and can 

be obtained using two synthesis routes. However, the presence of the isomers depends on the synthesis 

route and remains up to now an open question.  

 Experimental characterizations including pycnometry, infrared spectroscopy (IR), 1-dimensional 

and 2-dimensional nuclear magnetic resonance (NMR) have been performed for a commercial OAPS 

containing all three isomers and a controlled OAPS containing only the para and meta isomers. The 

density is found to be insensitive to the nature of the isomers, unlike the IR, 13C-NMR and 1H-NMR 

spectra that are isomer-dependent. To better identify the isomers, the experimental IR and NMR spectra 

were compared to predictions from Density Functional Theory (DFT) quantum mechanical methods and 

by machine-learning analyses. Within this context, quantum mechanical methods were found to be clearly 

superior to machine-learning methods, despite being computationally much more expensive. As a result, 

several peaks in the IR spectra and each peak in both the 13C-NMR and 1H-NMR spectra could be 

assigned to a specific OAPS isomer. 
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Introduction  

 Compounds containing Si-O bonds have been studied for many years [1]. In the last two decades, 

the new field of silsesquioxane chemistry, based on the RSiO3/2 repeat unit with R being an organic 

fragment, has gained interest. These hybrid materials display versatile features, which are due both to 

their potentially-reactive and easily-modified organic fragment and to their thermally-stable and 

chemically-inert Si-O-Si inorganic core. Various structures from ladder polymers to highly ordered 

species have been synthesized with the common formula (RSiO3/2)n, with n being usually 6, 8, 10, 12 or 

14 [2]. Those based on siloxane cages are called polyhedral oligomeric silsesquioxanes (POSS). They 

have nanoscale dimensions in the range of 1-3 nm depending on the organic substituent R along with a 

very robust inorganic framework [1].  

 In recent years, the incorporation of POSS into polymer matrices has attracted attention in order to 

create nanocomposites with enhanced mechanical and thermal properties [3]. Their rigid cage-like 

structure, nanoscale size and ability to tailor properties by introducing different functional groups make 

POSS effective candidates for high-performance membranes [4]. 

 Octa(aminophenyl)silsesquioxane (OAPS) is a cubic POSS (n = 8), in which the eight organic R 

substituents are phenyl moieties functionalized by primary amine groups. Its general chemical structure 

[5, 6] is displayed in Fig. 1, and because of its monosubstituted rings, it possesses three different isomers 

depending on the meta, ortho or para positions of the amine groups on the phenyl moieties. In addition, 

several isomers for the arms can coexist on the same cage. It has been shown experimentally that OAPS 

can have applications in the field of gas separation membranes [7-9]. Simulations have also been carried 

out on polyOAPS-imide membranes to investigate their molecular structures, thermomechanical 

stabilities and sorption properties [10, 11]. 
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Fig. 1. The general structure of octa(aminophenyl)silsesquioxane (OAPS) [5, 6] The NH2 group on 

each phenyl ring can either be in the meta, ortho or para position.  

 

 OAPS can be obtained using two main synthesis routes. The first and most common one is Laine's 

method (Fig. S1) [5, 12-18] leading to OAPS cages with the organic moieties on the same cage being 

probably in different forms (e.g. a cage can have five -NH2 groups in the meta position, two in the ortho 

position, and one in the para position, and so on). As shown in Fig. S1, it starts with nitration of 

octa(phenyl)silsesquioxane (OPS), which results in octa(nitrophenyl)silsesquioxane (ONPS) as an 

intermediate product and is subsequently reduced to OAPS. Using this method, Tamaki et al. [5] reported 

the presence of almost equal meta and para isomers for OAPS, without any ortho isomer due to the steric 

and electron-withdrawing effects of the silsesquioxane core. By cleaving the Si-C bonds, Kim et al. [14] 

indicated that the ortho isomer is also present and reported the ratios as being 70%, 25% and 5% for meta, 

ortho and para. Takahashi et al. [15] obtained 76%, 21% and 3% for the same combination. Sulaiman et 

al. [19] reported 65%, 10% and 25% for the meta, ortho and para isomers of ONPS, respectively, which 

likewise indicated the presence of the three isomers in this OAPS precursor.  

 The other route, which is less used, is Lee's method (Fig. S2) [20]. Rather than modifying OPS as 

in Laine's method, Lee's route is an isomer-controlled approach, which starts directly from the 

aminophenyltrimethoxysilane (APTMS) precursors for the aminophenylsilsesquioxane (APS) structures. 

To our knowledge, this was only attempted with the meta and para isomers of APTMS (Fig. S2) [20]. 

The separate pure meta-APS and para-APS each led to a mixture of cage sizes ranging from 8 to 14 

RSiO3/2 units. This alternative approach thus allows for a better control of the isomer forms, but its 

disadvantage is that the cage sizes are less well-controlled than with Laine's nitration/reduction of OPS. 

 As noted above, Laine's method is by far the most common route used. However, there are 

uncertainties and disagreements on the nature of the isomers present in the products resulting from the 

nitration/reduction approach and, since OAPS is intended as a building block for nanocomposites, this is 
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likely to have important consequences on the potential applications [10, 11]. In the present work, we 

attempt to identify the signature of the isomers using traditional characterization techniques such as 

density, IR and NMR. They are carried out on two different sources of OAPS, i.e. one from Laine's 

method and one from Lee's method. The experimental results are further complemented by predictions 

from machine-learning approaches, as implemented in the MestreNova software [21], and from Density 

Functional Theory (DFT) quantum mechanical approaches, as used in the Gaussian software [22], in 

order to identify the specific IR and NMR peaks for the meta, ortho and para isomers of OAPS. 

Materials and methods 

 A. Materials. The "commercial OAPS" was bought in the form of an off-white powder from 

Gelest Inc. [6] and is produced via Laine's method [5]. It was presented as containing all three isomers. 

The "controlled OAPS" was synthesized from an adaptation of Lee's controlled conversion method [20] 

using DMSO at elevated temperatures and under alkaline conditions upon accelerated hydrolysis and 

condensation of a mixture of meta (30-40%) and para (60-70%) APTMS purchased from Gelest Inc. The 

final product is a 21% w/w solution of para and meta isomers of OAPS dissolved in DMSO. 

 The main structural differences between the commercial and controlled OAPS can be summarized 

as follows:  

1) the commercial OAPS should contain all three isomers 

2) the controlled OAPS should not have any ortho isomer 

3) the controlled OAPS contains a lot more of the para isomer than the commercial OAPS 

4) the commercial OAPS should be based solely on eight-cornered siloxane cages, while there could 

be larger siloxane cage structures too in the controlled OAPS.   

B. Pycnometry 

 Density measurements were carried out by an AccuPyc II 1340 gas displacement density analyzer 

(Micromeritics), with helium as the probe gas. Pycnometry is non-destructive as it uses the gas 

displacement method to measure the volume. It generates much more precise and reproducible densities 

than the traditional Archimedes water displacement method [23] since the small gas atoms can diffuse in 

the cavities and any open space. The precision is guaranteed within ± 0.015 cm3 for this pycnometer of 

cell chamber volume 74.051 cm3 [23]. 

 Following calibration tests, about 1 g of OAPS sample was placed in a vacuum oven to evaporate 

any moisture. It was then weighed and transferred rapidly into the pycnometer to limit as much as 

possible the reabsorption of humidity. Ten purges and thirty cycles were set for each test, and ten tests 
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were repeated for each sample to account for the variation in the ambient temperature. The pycnometer 

calculates the volume of the sample, Vsample by using Equation 1 [23]: 
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where P1 is the gauge pressure after filling by helium and P2 is the gauge pressure after expansion. Vcell, 

i.e. the cell volume, and Vexpansion, i.e. the expansion volume, are already known via a calibration 

procedure. P1 and P2 are measured by the gauge included inside the pycnometer. The density is obtained 

from Vsample and the weight of the sample measured by using a high-precision balance. 

C. IR spectroscopy  

 The IR spectra for the OAPS samples were obtained with a Spotlight 400 Perkin Elmer ATR-IR 

spectrometer. The powder was directly used to perform the analysis for the commercial OAPS. Since the 

controlled OAPS was initially dissolved in DMSO, its solvent was first evaporated before performing the 

IR analyses. 

D. NMR spectroscopy 

 The one-dimensional 13C-NMR and 1H-NMR, as well as the two-dimensional 13C/1H-NMR 

spectra, were recorded for the OAPS samples dissolved in DMSO-d6 by using a Bruker AVANCE Neo 

600 MHz NMR spectrometer. 

E. Machine-learning MestreNova software for NMR predictions 

 MestreNova [21] is a spectral data analyzing and predicting software produced by Mestrelab 

Research, which includes a module called "NMRPredict". The most common algorithms for NMR 

prediction use reference databases where a large number of spectra and their assigned 2D or 3D chemical 

structures are the source knowledge. MestreNova uses both machine learning and the HOSE (Hierarchical 

Organization of Spherical Environments) code prediction for structures that are represented in its 

reference collection [21, 24]. It also uses a Neural Network algorithm for atoms whose environments are 

not in its database [21].  

 MestreNova includes a built-in module for minimization of the input structures and it provides a 

choice of common solvents, i.e. DMSO in this case. MestreNova was used separately on the three pure 

isomers of OAPS to predict their specific NMR shifts For each isomer, four separate model molecular 

structures were prepared and fed to MestreNova to perform their optimization and the NMR predictions. 

An optimized structure obtained by MestreNova is shown for each isomer in Fig. S3.  
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F. Quantum mechanical Gaussian software for IR and NMR predictions 

 Gaussian performs quantum mechanical calculations to predict molecular structures, energies and 

spectroscopic data [22, 25-28]. The ab initio methods, such as Hartree-Fock (HF), which investigate all 

the details of the electron movements are computationally very expensive. However, many properties of a 

molecule can be derived from its electron density distribution only [29, 30], which gave rise to the faster 

DFT approaches [30]. 

 For predicting both the geometries and the IR vibrational bands, DFT calculations [31] were 

carried out with the Gaussian 09 code [22] at the B3LYP/6-31G(d,p) level of theory on four separate 

model structures for each of the pure para, meta and ortho isomers of OAPS. B3LYP is a hybrid density 

functional with the polarization functions added to a double-zeta basis set 6-31G(d,p) [32-36], and it has 

been shown to be a very good compromise between calculation time and accurate energy minimisation 

[32, 35-37]. The Avogadro software [38, 39] was used to identify the IR vibrational modes calculated by 

Gaussian. 

 In the case of the NMR peaks, predicted chemical shielding can be very dependent on the level of 

theory used. To do an in-depth study, different DFT functionals for NMR predictions [40-43], i.e. B3LYP 

[44-50], B3PW91 [41, 51-55], and HCTH407 [51, 56-58] were used along with the accurate 6-

311+G(2d,p) basis set [43, 53, 59, 60] when using the Gaussian code. Preliminary tests were carried out 

with the lower 6-31G(d,p) basis set but were not satisfactory. The SCRF (Self-Consistent Reaction Field) 

keyword [61] was added to account for the presence of the solvent (here, DMSO) by locating the solute in 

a cavity within the solvent reaction field using the Polarizable Continuum Model (PCM) [22, 62-74]. The 

GIAO (Gauge-Including Atomic Orbital) formulation resulted in all matrix elements involving the basis 

functions being independent of the origin [75]. In a first step, four structures for each isomer were 

prepared using the Hyperchem software [76], fed to Gaussian and optimized at the B3LYP/6-31G(d,p) 

level of theory (see Fig. S4). In a second step, their 13C-NMR and 1H-NMR spectra were predicted using 

B3LYP, B3PW91 and HCTH407 at the 6-311+G(2d,p) level of theory. Since Gaussian calculates the 

absolute shieldings, the same level of theory had to be used for tetramethylsilane (TMS) as the reference 

for the chemical shifts [53]. 

 Quantum mechanical calculations are in general very costly in terms of calculation time to 

complete both optimization and NMR predictions, whereas MestreNova produces the results within a few 

minutes. As such, it is interesting to attempt and compare both approaches. 

Results and discussion 
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1. Pycnometry 

 Fig. 2a and Fig. 2b show the details of the volumes and densities (red continuous lines) measured 

over 10 tests for the commercial OAPS sample, along with the specific test temperatures (blue dashed 

lines). The volume and density of the commercial OAPS change by 0.0032 cm3 and 0.0069 g/cm3 per °C, 

respectively. The density of the commercial OAPS sample averaged over the ten tests was found to be 

1.39 g/cm3 with a standard deviation of 0.01 g/cm3. Similarly, the density of the controlled OAPS sample 

was found to be 1.37 g/cm3 with a standard deviation of 0.01 g/cm3. The density thus seems fairly 

insensitive to the presence and proportions of the isomers. 

         

Fig. 2. The average temperature along with (a) the average volume and (b) the average density of the 

commercial OAPS recorded over ten pycnometry tests. 

2. IR spectroscopy 

2.1. Experimental spectra 

 Since the IR spectra arise from changes in dipole moments, different isomers with different 

proportions of symmetry may present different spectra, i.e. the change in the dipole moment may 

diminish in a more symmetrical structure such as the para isomer. Indeed, Fig. 3 shows that there are 

differences between the experimental spectra of (a) the commercial OAPS and (b) the controlled OAPS. 

There are no signs of large peaks around 3500 cm-1, which would be characteristic of -OH groups and 

thus of open siloxane cages. This suggests that most parts or all of the cages are intact (closed cages). 
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Fig. 3. The experimental IR spectrum for (a) the commercial and (b) the controlled OAPS 

2.2. IR Predictions 
As noted above, the IR vibrational bands were predicted with Gaussian using DFT calculations at 

the B3LYP/6-31G(d,p) level of theory on optimized model structures of the pure isomers. When 

comparing experimental ṽexp and predicted ṽcalc wavenumbers, differences can arise due to errors related 

to the method, the anharmonicity, the solvent effects, the Fermi resonance, etc [77]. The errors can be 

reduced by using a scaling equation [77] obtained from plotting the predicted wavenumbers versus their 

corresponding experimental values. The linear correlation (R > 0.9998) between the ṽcalc of seven clearly-

defined vibrations for the meta-OAPS isomer and the ṽexp for the commercial sample is displayed in Fig. 

4. 

 

Fig. 4. The DFT-predicted ṽcalc at the B3LYP/6-31G(d,p) level of theory for meta-OAPS versus the 

corresponding ṽexp in the commercial OAPS sample. 
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If ǀeiǀ are the absolute errors between the predicted and their corresponding experimental data and 

n is the number of data, the mean absolute error (MAE) and root mean square error (RMSE) can be 

calculated from [78]: 

 MAE = 
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As shown in Table 1, the errors are dramatically reduced after scaling the ṽcalc by the equation 

shown in Fig. 4. The MAE and RMSE decrease from 44 cm-1 and 45 cm-1 to 3.7 cm-1 and 5.2 cm-1, 

respectively. The correlation coefficient in Fig. 4 is also compatible with that reported by Alcolea et al. 

for calculations at the B3LYP/6-31G(d,p) level of theory [77]. 

Table 1. Comparison between the predicted ṽcalc for meta-OAPS, the experimental ṽexp in the commercial 

OAPS and the scaled ṽcalc_scaled wavenumbers in cm-1 along with their absolute error ǀeiǀ in cm-1. 

ṽcalc ṽexp ṽcalc_scaled ǀeiǀexp-calc ǀeiǀexp-calc_scaled  

489 464 461 25 3 

1137 1084 1096 53 12 

1313 1272 1268 41 4 

1340 1296 1295 44 1 

1475 1431 1427 44 4 

1532 1484 1483 48 1 

1672 1619 1620 53 1 

 

Fig. 5 compares separately the DFT-predicted and scaled vibrations for the (a) meta, (b) ortho and 

(c) para isomers with the experimental IR spectra of the commercial OAPS (Fig. 3a) along with the 

specific identification of the various vibrational modes obtained by using the Avogadro software. The 

predicted spectra are obviously restricted to specific optimized structures while the experimental 

spectrum takes into account the very large number of possible structures, hence its much broader peaks. 
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However, Fig. 5a for the meta isomer still indicates a good compatibility between the experimental and 

the predicted spectra for wavenumbers below 1700 cm-1. The predicted bands for the ortho isomer (Fig. 

5b) are broader, especially for the Si-O-Si stretching vibrations. Fig. 5c for the para isomer indicates 

lower intensities for most of the predicted bands due to its more symmetrical structure. This suggests that 

there are indeed higher proportions of the ortho and meta isomers in the commercial OAPS. All three 

predicted spectra show slightly overestimated bands for wavenumbers beyond 3000 cm-1, but such 

overestimations for the N-H vibrations have already been observed elsewhere [79-83] and this is a part of 

the spectrum which has very low intensities. 
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Fig. 5. A comparison of the experimental IR spectrum for the commercial OAPS (blue) with the 

predicted and scaled vibrations for model (a) meta (orange), (b) ortho (green), and (c) para 

(purple) pure isomers of OAPS obtained from DFT calculations at the B3LYP/6-31G(d,p) 

level. 
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 Fig. 6 compares the experimental spectra of both (a) the commercial and (b) the controlled OAPS 

with the three predicted and scaled IR spectra assembled. Several isomer-specific information can be 

obtained: 

 - The compatibility between the experimental and the three predicted spectra assembled is rather 

good for the commercial OAPS, which seems to agree with the presence of the ortho isomer, despite what 

has been reported by Tamaki et al. [75].  

 - A sharp peak of H-N-H wagging at 520 cm-1 (yellow rectangle) is observed for the controlled 

OAPS while there is only a small trace of it for the commercial one. Unlike for the other isomers, this 

rather strong peak was predicted for the para-OAPS, which could confirm its high proportion in the 

controlled OAPS. 

 - Two strong peaks for the out-of-plane vibrations of C-H appear at 756 cm-1 and 784 cm-1 (red 

rectangle) for the commercial OAPS, whereas they almost disappear for the controlled OAPS. Both of 

them correspond to predicted bands for the ortho isomer.  

 - The strong peak at 1115 cm-1 (dark blue rectangle) in the commercial OAPS illustrates the Si-O-

Si stretching vibrations which are common to the three isomers [84]. In the controlled OAPS, this broad 

peak is split into two peaks (light blue rectangles) for the meta and the para isomers, with only one 

overlapping with the predicted peaks. As such, it is not easy to assign these peaks to a specific isomer but 

it is clear that the ortho isomer in the commercial OAPS leads to broader predicted bands in this region. 

 - The sharp peak at 1485 cm-1 for the commercial OAPS (brown rectangle) corresponds to a 

predicted band for the ortho-OAPS and does not appear in the controlled OAPS. 

 - The predicted bands for the ortho-OAPS from 1280 cm-1 to 1690 cm-1 are stronger than for the 

other two isomers (see Fig. 5b). This agrees with the experimental spectrum of the commercial OAPS 

showing stronger peaks in the same region than the controlled one. 

 - Other peaks could be specific to one isomer, although many of them overlap in the experimental 

spectra. For example, the peak appearing at 670 cm-1 (pink rectangle) in the commercial OAPS seems to 

correspond to the ortho isomer. The peak at 710 cm-1 (green rectangle), which is sharp in the controlled 

OAPS matches with a predicted peak for the para-OAPS. 
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Fig. 6. A comparison of (a) the commercial (blue) and (b) the controlled (pink) OAPS experimental 

spectra with the predicted and scaled IR spectra for the meta (orange), ortho (green), and para 

(purple) OAPS isomers up to 1750 cm-1. 

 

 These compared analyses seem to confirm the different natures of both OAPS samples in terms of 

isomer mixtures and show how DFT predictions on a limited number of model structures can be a useful 

tool to help for the interpretation of the experimental spectra. 

3. NMR spectroscopy 

3.1. Experimental spectra 

 NMR characterizations were initially attempted for 29Si, 13C and 1H. In the experimental 29Si-

NMR spectra, all the peaks fell within a very restricted ppm range, it was not possible to find a specific 

experimental signature of the ortho isomer, and the prediction methods tested were unable to provide an 

unambiguous distinction of the isomers [85]. In addition, the main peak of the 29Si-NMR spectra for the 

pure para isomer reported by Lee et al. [20] did not agree with the experimental 29Si-NMR spectra 

measured on the samples dissolved in DMSO-d6. So there were issues in both the predicted [85] and 

experimental [20] 29Si-NMR shifts. However, it was found that the one-dimensional and two-dimensional 

13C-NMR and 1H-NMR spectra were sufficient to clearly identify the isomers. Consequently, only these 

latter NMR characterizations will be presented here. 

 Fig. 7 shows the good compatibility of the 13C-NMR spectrum for (a) the commercial OAPS (light 

blue line) with that of (c) OAPS produced through nitration/reduction by Krishnan et al. (dark blue line) 

[86]. There are at least two peaks at 132 ppm and 154 ppm in the nitration/reduction samples (green 

rectangles), that have no equivalent peaks in the (b) controlled OAPS spectrum (pink line). These two 

peaks should be related to the presence of the ortho isomer. Surprisingly, there is a peak in (b) (red 

rectangle) that shows such a small trace that it cannot be easily revealed in the nitration/reduction 

samples. It could correspond to the para isomer as it is stronger in the controlled OAPS 13C-NMR 
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spectra. That may be why Tamaki et al. [5] reported only ten observable peaks for their 

nitration/reduction 13C-NMR OAPS spectrum and concluded that this reflected the presence of the meta 

and para isomers only. However, there are definitely indications of the presence of the ortho isomer too 

in samples obtained by Laine's method. 

 

 

Fig. 7. A comparison of the experimental 13C-NMR spectra for (a) the commercial OAPS, (b) the 

controlled OAPS and (c) the OAPS prepared by Krishnan et al. [86], all of them in DMSO-

d6, along with a proposed assignment for ortho-specific peaks. 

 

 The 1H-NMR spectra of the commercial and controlled OAPS are compared to that obtained by 

nitration/reduction by Zhang et al. [87] in Fig. 8. Both commercial (light blue line) and Zhang (dark blue 

line) OAPS spectra are again quite similar but different from the controlled OAPS spectrum (pink line). 

They are also compatible with the 1H-NMR spectra published by Tamaki et al. [5] and Huang et al. [84]. 

Two broad regions can be distinguished: one from 4.2 ppm to 5.4 ppm, which corresponds to the amine 

hydrogens, and the other one from 6.2 ppm to 7.8 ppm, which is related to the four aromatic hydrogens of 

the OAPS phenyl moieties. The latter appears in a slightly more narrow range, i.e. 6 ppm to 7.3 ppm, for 

the controlled OAPS. The main differences between the spectra are: 

 - The yellow rectangles at 5.3 ppm, red rectangles at 6.6 ppm and green rectangles at 7.3 ppm 

show peaks that do not appear in the (b) controlled OAPS spectrum and can thus be linked to the ortho 

isomer.  
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 - The orange rectangles at 5.15 ppm indicate small peaks in both (a) the commercial and (c) Zhang 

OAPS, which become stronger for the (b) controlled OAPS with a higher proportion of para isomer. 

Similarly, the sharp peak at 6.25 ppm in the controlled OAPS (brown rectangle) is probably also related 

to the aromatic para hydrogens. 

 The number of amine functional groups on each ring connected to the siloxane cage can be 

obtained by dividing the integrated area underneath the peaks. This ratio is equal to 2 for all OAPS under 

study, which means that there are two amine hydrogens along with four aromatic hydrogens, i.e. one -

NH2 per ring for all three samples. However, it is difficult to distinguish the aromatic hydrogens of the 

different OAPS isomers. This is the reason why Tamaki et al. [5] tried to use the 1H-NMR spectrum of 

ONPS, which has sharper peaks, in order to calculate the isomer ratios. 

 

 

Fig. 8. A comparison of the experimental 1H-NMR spectra and surface areas of (a) the commercial 

OAPS, (b) the controlled OAPS, and (c) the OAPS prepared by Zhang et al. [87], all of them 

in DMSO-d6, along with a proposed isomer assignment for the main peaks. 

 In a two-dimensional (2D) heteronuclear single-quantum correlation (HSQC) spectrum, the 1D-

NMR of one nucleus is plotted versus the 1D-NMR of another type of nucleus [88]. Here, the HSQC 

spectra correlate the 13C and 1H spectra to each other. To interpret such a spectrum, each 13C shift is 
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selected on the y-axis and a line is drawn horizontally until a cross-peak is encountered. Similarly, each 

1H shift is selected on the x-axis and a line is drawn vertically until a cross-peak is encountered. These 

cross-peaks identify which hydrogens are connected to which carbons and vice versa. When a line 

encounters no cross-peak, it implies that this carbon has no connected hydrogen.  

 Fig. 9(a) shows the HSQC spectrum obtained for the commercial OAPS. Ten cross-peaks can be 

observed, indicating ten different carbons connected each to one hydrogen. It confirms that the 1H-NMR 

shifts from 6.2 ppm to 7.8 ppm refer to the aromatic hydrogens. The three isomers of the commercial 

OAPS possess sixteen different environments for carbon atoms, ten of which are connected to the 

hydrogens and the six others to either silicons or nitrogens. The black rectangle shows the 1H-NMR 

signals presenting no connections to the carbon atoms. These peaks between ~4.5 ppm to ~5.5 ppm are 

the amine hydrogens, as reported by Tamaki et al. [5]. The brown rectangle indicates a 1H-NMR shift 

specific to the ortho amine hydrogens (Fig. 8), likewise, the green rectangles, which indicate ortho-

specific 13C-NMR shifts (Fig. 7). The orange and purple rectangles show the 13C-NMR signals displaying 

no connections to the hydrogens. The yellow rectangles for 1H and red rectangles for 13C give examples 

of overlapping peaks. The blue rectangles indicate points, which are probably related to impurities. Such 

an HSQC spectrum clearly confirms the presence of the three isomers and suggests that the analysis of 

Kim et al. [14] is more accurate than that of Tamaki et al. [5]. 

 Fig. 9b shows the HSQC spectrum of the controlled OAPS. Six cross-peaks corresponding to six 

different carbons connected each to one hydrogen can be observed, as expected from the presence of the 

meta and para isomers only. The four remaining carbons are those connected to either silicon or nitrogen. 

The purple rectangle shows again the 13C-NMR signals having no connections to the hydrogens. The 1H-

NMR peaks between ~4.5 ppm to ~5.5 ppm are the amine hydrogens as indicated by the brown rectangle. 

The specific ortho amine shift is absent from Fig. 9b. The pink rectangles display expanded cross-points, 

which could be related to the different sizes of the OAPS cages in the controlled sample. Indeed, different 

cages sizes possess different numbers of oxygens and as such, they probably have slightly different 

electron-withdrawing tendencies. The 13C-NMR peaks specific to the ortho isomer (Fig. 9a) disappear in 

Fig. 9b, thus confirming its absence. This specific HSQC spectrum shows that there are indeed only two 

isomers out of the possible three in the controlled OAPS sample. 
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Fig. 9. The HSQC spectra of (a) the commercial OAPS and (b) the controlled OAPS. 

 

 While comparisons of the experimental spectra allow identifying a few of the isomer-specific 

peaks (Figs. 7-9), most peaks cannot be interpreted unambiguously. As such, the experimental 

characterizations were completed by NMR predictions. Indeed the latter are known as being a powerful 

tool to accomplish tough tasks such as the structural assignment of organic molecules, which are difficult 

by the conventional observational methods on their own [53, 89-96]. However, NMR predictions are 

unfortunately dependent on the type of method and level of theory used, due to different sources such as 

electron correlations and vibrational effects [43, 97-99]. As such, the predictions first need (if possible) to 
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be compared to the available experimental spectra in order to identify which prediction methods are the 

most accurate. 

 

3.2. Case study for prediction: the meta-OAPS isomer 

 Due to the highly time-consuming DFT calculations, only the meta-OAPS isomer (Fig. 10) was 

first fed to both MestRenova and Gaussian in order to compare their predicted chemical shifts. 

 

 

Fig. 10. The molecular structure of meta-OAPS. The lower ring is expanded to show the names of the 

phenyl ring aromatic carbons and hydrogens as well as the amine groups. 

 

3.2.1. The 13C-NMR predicted spectra for meta-OAPS 

 Fig. 11 shows the predicted specific 13C-NMR shifts for meta-OAPS using different methods and 

levels of theory along with the experimental spectrum for the commercial OAPS. No overlaps are 

predicted by either MestRenova or Gaussian. 
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Fig. 11. A comparison of the commercial OAPS 13C-NMR experimental spectrum (blue line) with the 

chemical shifts predicted for the aromatic carbons of meta-OAPS by (a) MestreNova (lines) 

and (b-d) Gaussian (dashed lines) using different DFT functionals along with the 6-

311+G(2d,p) basis set. 

 

 As the four predicted spectra are not easy to distinguish, the quality of the prediction was assessed 

by calculating the differences between all predicted peaks and their closest experimental peaks according 

to Equation 4. To eliminate the background, only the experimental peaks whose intensity was at least 

25% of the main peak at 129 ppm were selected. This allowed for the comparison of all predicted spectra 

under the same conditions. 

 

2(predicted shift - closest experimental shift)  = Difference
 (4) 

Differences in ppm are reported in Table 2 for the various methods tested and show that DFT at the 

HCTH407/6-311+G(2d,p) level of theory gives the best prediction for the meta-OAPS. As such, it will be 

the method used to predict the 13C-NMR shifts for the ortho and para isomers. 
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Table 2. The differences between the experimental and the predicted 13C-NMR peaks for meta-OAPS 

according to Equation 4. The three DFT calculations were carried out at the 6-311+G(2d,p) 

level of theory. 

Method MestRenova B3LYP B3PW91 HCTH407 

Difference / ppm 2.5 2.3 2.1 1.4 

 

3.2.2 The 1H-NMR predicted spectra for the meta-OAPS 

 Fig. 12 shows the predicted 1H-NMR spectra for meta-OAPS using different prediction methods 

and levels of theory along with the commercial OAPS experimental spectrum. As a whole, the (a) 

MestreNova predictions match well with the experimental data. On the contrary, the three DFT methods 

(b-d) overestimate the chemical shifts for the aromatic hydrogens (with the pink rectangles showing 

possible overlaps) and underestimate the chemical shifts for the amine hydrogens. The same problem for 

amines was reported earlier [100, 101] and was attributed to NH2 groups forming hydrogen bonds with 

the solvent (here, DMSO-d6), which is not properly taken into account by the PCM formalism [101, 102]. 
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Fig. 12. A comparison of the commercial OAPS 1H-NMR experimental spectrum (blue line) with the 

chemical shifts predicted for the aromatic and amine hydrogens of meta-OAPS by (a) 

MestreNova (lines) and (b-d) Gaussian (dashed lines) using different DFT functionals along 

with the 6-311+G(2d,p) basis set. 

 

 Since it is more difficult to assign each predicted 1H-NMR shift to a specific experimental one 

than for 13C-NMR (Equation 4 and Table 2), the methods were here compared based on the distance 

between the lowest shift for the aromatic H and the sharpest experimental peak at 6.64 ppm (Table 3). 

MestreNova gives the best prediction but HCTH407/6-311+G(2d,p) is again the most appropriate DFT 

approach. As it would be better to be able to predict all types of spectra with the same method, it was 

decided to further prospect the 1H-NMR OAPS spectra using both MestreNova and HCTH407/6-

311+G(2d,p) in order to predict the ortho and para 1H-NMR spectra in addition to that of the meta 

isomer. 

 

Table 3. The differences between the main experimental and the closest predicted 1H-NMR peaks for 

the aromatic hydrogens of the meta-OAPS. The three DFT calculations were carried out at the 

6-311+G(2d,p) level of theory.  

Method MestRenova B3LYP B3PW91 HCTH407 

Difference / ppm 0.01 0.51 0.50 0.17 
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3.3. NMR predictions for all three isomers  

 As for the meta isomer (Fig. 10), Fig. 13 shows the different chemical environments for the 

carbons and hydrogens of the ortho and para isomers of OAPS. 

 

             

Fig. 13. A close-up of the molecular structures of a) the ortho and b) the para isomer arms connected 

to the siloxane cage showing the names of the phenyl ring aromatic carbons and hydrogens as 

well as the amine groups 

 

 In the following part, all the results were averaged over four separate starting structures for each 

isomer. It was first checked that the results for each separate structure were similar [85]. They were 

indeed found to be reproducible: the range for the predicted 13C-NMR shifts for a specific atom was 

within less than 2 ppm, while that for specific 1H-NMR shifts was within less than 0.2 ppm. 

 

3.3.1. The 13C-NMR predicted spectra for all three isomers 

 The average 13C-NMR spectra for all three isomers predicted using DFT at the HCTH407/6-

311+G(2d,p) level of theory are compared in Fig. 14 to those of the experimental (a) commercial and (b) 

controlled samples. As before, the predicted peaks are identified by their colours with orange representing 

the meta isomer, green representing the ortho isomer and purple representing the para isomer. 

 In Fig. 14a, the predicted ortho green shift at 111.5 ppm (P) matches a weak experimental peak for 

the commercial OAPS sample. A similar match can be observed for two para purple shifts at 117.5 ppm 

(K) and 149.5 ppm (B). The meta orange shift at 130.5 ppm (G) and the ortho green shift at 131.5 ppm 

(F) are close to two medium-intensity experimental peaks. Both meta orange shifts at 120.5 ppm (J) and 

121 ppm (I) are adjacent to stronger experimental peaks. The overlap at 134.5 ppm (ortho green in D and 

para purple in E) is close to the experimental peak at 136 ppm. The meta orange shift at 127.8 ppm (H) is 

within less than 1 ppm from the sharpest experimental peak at 129 ppm. This good correspondence 

between the experimental and theoretical peaks indicates that the HCTH407/6-311+G(2d,p) level of 

theory seems to produce rather accurate 13C-NMR predictions for the commercial OAPS. In addition, the 



-24- 

 

same number of experimental and predicted shifts confirms that all three isomers are present in the 

experimental sample. 

 Fig. 14b shows that each predicted meta or para shift is also very close to an adjacent 

experimental peak in the controlled OAPS sample. The predicted B and C shifts are next to weak 

experimental signals at 151 ppm and 148 ppm, respectively. The same correspondence can be observed 

for the G, H, I, J, K and L predicted shifts with adjacent experimental signals. Two para shifts, E and O, 

correspond to the main experimental peaks at 135 ppm and 113 ppm respectively. As expected, there are 

only ten peaks in the experimental spectrum. This confirms the absence of the ortho isomer in the 

controlled sample, whereas there are sixteen peaks in (a) for the commercial OAPS. 

 

  

Fig. 14. The experimental 13C-NMR spectra of (a) the commercial OAPS (blue line) and (b) the 

controlled OAPS (pink line) compared to the predicted shifts from DFT calculations using 

Gaussian (dashed lines) at the HCTH407/6-311+G(2d,p) level of theory for the three OAPS 

isomers. 

For the commercial sample, the MAE and RMSE are 0.80 ppm and 0.90 ppm. For the controlled 

sample, the MAE and RMSE are 0.80 ppm and 0.95 ppm. These RMSE values are much smaller than the 

values of 1.89 ppm reported by Abil et al. [43] and 4.46 ppm reported by Zhang et al. [103] for other 

molecules. 

 Fig. 15 shows the linear correlations [43] between the δcalc and δexp 13C-NMR shifts for the 

commercial and controlled samples, respectively. The slopes are close to 1 and the correlations are very 

good (R > 0.998). 
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Fig. 15. Linear correlation between the δcalc, as predicted by DFT at the HCTH407/6-3+G(2d,p) level 

of theory, and δexp for the 13C-NMR shifts in (a) the commercial OAPS and (b) the controlled 

OAPS 

 

 Using the correlations shown in Fig. 15, the δcalc originating from Gaussian can be scaled [43, 89, 

95] using a similar approach to that of the IR wavenumbers (Section 2.2) in order for them to be even 

closer to the experimental δexp. These scaled predicted shifts δcalc_scaled are reported in Tables 4 and 5 for 

the commercial and controlled OAPS, respectively. They decrease the MAE and RMSE to 0.44 ppm and 

0.54 ppm for the commercial OAPS, and to 0.66 ppm and 0.75 ppm for the controlled OAPS. 
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Table 4. Comparison between the predicted scaled δcalc_scaled and experimental δexp 
13C-NMR shifts in 

ppm along with their absolute error ǀeiǀ in ppm for each peak identified in the commercial 

OAPS sample (Fig. 14a). 

C Type δcalc_scaled δexp ǀeiǀ Identification Isomer type 

C1 131.09 130.70 0.39 G meta 

C2 120.61 119.55 1.06 J meta 

C3 148.41 148.34 0.07 C meta 

C4 116.39 116.64 0.25 L meta 

C5 128.36 128.97 0.61 H meta 

C6 121.39 121.60 0.21 I meta 

C1 111.67 111.78 0.11 P ortho 

C2 153.89 153.53 0.36 A ortho 

C3 114.42 115.28 0.86 N ortho 

C4 132.27 132.45 0.18 F ortho 

C5 115.98 115.28 0.70 M ortho 

C6 135.32 135.54 0.22 D ortho 

C1 117.56 116.64 0.92 K para 

C2 134.87 135.54 0.67 E para 

C3 113.26 113.60 0.34 O para 

C4 150.94 151.00 0.06 B para 
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Table 5. Same as Table 4 but for the controlled OAPS sample (Fig. 14b). 

C-Type δcalc_scaled δexp ǀeiǀ Identification Isomer type 

C1 130.73 129.28 1.45 G meta 

C2 120.17 119.74 0.43 J meta 

C3 148.19 147.71 0.48 C meta 

C4 115.91 116.13 0.22 L meta 

C5 127.98 128.20 0.22 H meta 

C6 120.95 121.51 0.56 I meta 

C1 117.09 116.13 0.96 K para 

C2 134.54 135.35 0.81 E para 

C3 112.76 113.59 0.83 O para 

C4 150.75 151.36 0.61 B para 

 

 These analyses confirm that DFT at the HCTH407/6-311+G(2d,p) level of theory is able to predict 

very accurately the 13C-NMR shifts for all OAPS isomers, regardless of whether there are three isomers 

(commercial sample) or only two isomers (controlled sample). 

 

3.3.2. The 1H-NMR predicted spectra for all three isomers 

 The 1H-NMR spectra were predicted for all three isomers using both MestreNova and DFT at the 

HCTH407/6-311+G(2d,p) level of theory. They are compared to those of the experimental (a) 

commercial and (b) controlled OAPS in Fig. 16 for MestreNova and in Fig. 17 for Gaussian. The letters 

used to identify the predicted peaks for the aromatic hydrogens are those of their adjacent aromatic 

carbons (Tables 4 & 5). The amine hydrogens are referred to by the name of their isomer. 
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Fig. 16. The experimental 1H-NMR spectra of (a) the commercial OAPS (blue line) and (b) the 

controlled OAPS (pink line) compared with the predicted shifts by MestreNova for the three 

isomers. 

 

  

Fig. 17. As Fig. 16 but for the Gaussian DFT-predicted shifts at the HCTH407/6-311+G(2d,p) level of 

theory. 

 

 For the aromatic hydrogens of the commercial sample (left regions of Fig. 16a and Fig. 17a), ten 

slightly overestimated shifts are predicted by both MestreNova and Gaussian, with four of them 

overlapping. As a result, only eight peaks are observable from 6.7 ppm to 7.9 ppm, in agreement with the 

eight observable experimental shifts (red rectangles). However, the relative order of these peaks is 

somewhat different between MestreNova and Gaussian, which means that both codes do not assign the 

same peaks to the same isomer. For the amine hydrogens (right regions of Fig. 16a and Fig. 17a), three 

MestreNova shifts are predicted in the range 4.9-5.5 ppm, i.e. close to the three experimental peaks, 

which is compatible with the presence of all isomers. Gaussian also predicts three separate shifts albeit, as 

noted before, in a range from 3.5 to 4.5 ppm which is somewhat lower than the experimental values. 

Unlike the aromatic hydrogens, both predicted sets of amine hydrogen shifts are in the same relative 

order. 

 The situation is similar for the predicted amine hydrogen shifts in the controlled OAPS (right 

regions of Fig. 16b and Fig. 17b), where the experimental peak related to the ortho isomer disappears. For 
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the aromatic hydrogens (left regions of Fig. 16b and Fig. 17b), the predicted shifts are in the range above 

6.6 ppm, they are again slightly displaced towards higher values compared to the experiment and their 

identification differs according to the method used. There are six of them, which relate to the six 

observable experimental shifts for the meta and para isomers (red rectangles). 

 The MestreNova MAE and RMSE for the 1H-NMR shifts of the commercial OAPS are 0.16 ppm 

and 0.18 ppm, respectively. If the amine hydrogens are removed from the calculations, the aromatic 

hydrogens MAE and RMSE are 0.18 ppm and 0.19 ppm. The MAE and RSME for the controlled OAPS 

are 0.39 ppm and 0.42 ppm when all hydrogens are taken into account, and 0.47 ppm for both when only 

the aromatic hydrogens are considered. The corresponding Gaussian MAE and RMSE for all hydrogens 

in the commercial OAPS are 0.60 ppm and 0.74 ppm, respectively. Those related to the aromatic 

hydrogens are 0.37 ppm and 0.38 ppm. The MAE and RMSE for the controlled OAPS are 0.85 ppm and 

0.90 ppm, whereas they decrease to 0.69 and 0.70 after removing the amine shifts. The fact that the MAE 

and RMSE are close to each other indicates that the errors are not scattered. 

 Fig. 18 and Fig. 19 illustrate the linear correlations for the commercial and controlled OAPS, 

respectively, between the δexp and the δcalc 1H-NMR shifts predicted by both MestRenova and Gaussian 

while only taking into account the aromatic hydrogens. This removes the problem of the amine shifts. All 

cases are well correlated (R > 0.97). 

 

        

Fig. 18. Linear correlation between the δcalc and the δexp 1H-NMR shifts predicted by (a) MestreNova 

and (b) DFT at the HCTH407/6-311+G(2d,p) level of theory while only taking into account 

the aromatic hydrogens in the commercial OAPS (Fig. 16a and Fig. 17a). 
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Fig. 19. As Fig. 18 but for the controlled OAPS (Fig. 16b and Fig. 17b). 

 

 As before, the scaled predicted shifts δcalc_scaled were obtained for both commercial and controlled 

OAPS from the correlations shown in Fig. 18 and Fig. 19. The MestRenova-predicted δcalc-scaled for the 

commercial OAPS are reported in Table 6: compared to the unscaled aromatic hydrogens predictions, 

both MAE and RMSE fall to 0.03 ppm. The corresponding Gaussian-predicted δcalc-scaled are reported in 

Table 7: the MAE and RMSE fall to 0.05 ppm and 0.06 ppm respectively. The MestRenova δcalc-scaled for 

the controlled OAPS are reported in Table 8: the MAE and RMSE are reduced to 0.03 ppm and 0.04 ppm. 

The Gaussian-predicted δcalc_scaled shifts for the controlled OAPS are reported in Table 9: the MAE and 

RMSE are reduced to 0.08 ppm. Precise values for the OAPS aromatic hydrogens shifts can thus be 

obtained from both prediction methods when associated with the appropriate scaling. 



-31- 

 

Table 6. The scaled MestreNova-predicted δcalc_scaled and experimental δexp 1H-NMR shifts in ppm 

along with their absolute error ǀeiǀ in ppm for each hydrogen peak identified in the commercial 

OAPS (Fig. 16a).  

H-Type δcalc_scaled δexp ǀeiǀ Identification Isomer type 

HC2 6.75 6.71 0.04 J meta 

HC4 6.48 6.46 0.02 L meta 

HC5 7.18 7.21 0.03 H meta 

HC6 6.97 6.95 0.02 I meta 

HC3 6.91 6.84 0.08 N ortho 

HC4 7.05 7.09 0.02 F ortho 

HC5 7.35 7.32 0.03 M ortho 

HC6 7.20 7.21 0.01 D ortho 

HC2 7.12 7.09 0.03 E para 

HC3 6.64 6.63 0.01 O para 

 

Table 7. As Table 6 but for Gaussian and the commercial OAPS (Fig. 17a).  

H-Type δcalc_scaled δexp ǀeiǀ Identification Isomer type 

HC2 7.03 7.09 0.06 J meta 

HC4 6.71 6.72 0.01 L meta 

HC5 6.99 6.96 0.03 H meta 

HC6 6.87 6.84 0.03 I meta 

HC3 6.58 6.64 0.06 N ortho 

HC4 7.05 7.09 0.04 F ortho 

HC5 6.60 6.64 0.04 M ortho 

HC6 7.39 7.32 0.07 D ortho 

HC2 7.17 7.21 0.04 E para 

HC3 6.60 6.46 0.14 O para 
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Table 8. As Table 6 but for MestRenova and the controlled OAPS (Fig. 16b). 

H-Type δcalc_scaled δexp ǀeiǀ Identification Isomer type 

HC2 6.48 6.45 0.03 J meta 

HC4 6.22 6.23 0.01 L meta 

HC5 6.88 6.93 0.05 H meta 

HC6 6.68 6.7 0.02 I meta 

HC2 6.82 6.75 0.07 E para 

HC3 6.37 6.37 0.00 O para 

 

Table 9. As Table 6 but for Gaussian and the controlled OAPS (Fig. 17b). 

H-Type δcalc_scaled δexp ǀeiǀ Identification Isomer type 

HC2 6.73 6.75 0.02 J meta 

HC4 6.36 6.37 0.01 L meta 

HC5 6.55 6.70 0.15 H meta 

HC6 6.69 6.45 0.24 I meta 

HC2 6.90 6.93 0.03 E para 

HC3 6.20 6.23 0.03 O para 

 

 In spite of the slight displacements between predicted and experimental peaks, both MestreNova 

and DFT at the HCTH407/6-311+G(2d,p) level of the theory seem to be able to provide compatible 

results with the experimental 1H-NMR shifts for OAPS. However, it remains unclear why the relative 

order of the predicted aromatic hydrogens peaks differ, i.e. the identification of each peak as belonging to 

a specific isomer depends on the prediction method used. Since it was not possible to differentiate both 

methods for 1H-NMR using the one-dimensional NMR spectra only, it was attempted to predict the 2D-

NMR 13C-NMR vs 1H-NMR spectra with each of them. 

 

3.4. 2D-NMR predictions 

 The 13C-NMR δcalc_scaled shifts (Section 3.2) for both types of OAPS were combined in Fig. 20 

with their respective aromatic 1H-NMR δcalc_scaled shifts (Section 3.3) in order to predict 2D-NMR spectra 

comparable to the available experimental HSQC spectra. Fig. 20a and Fig. 20b show the predictions by 
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MestreNova and Gaussian, respectively, for the commercial OAPS, while Fig. 20c and Fig. 20d are the 

corresponding predictions for the controlled OAPS. 

 In the predicted 2D-NMR spectrum of the commercial OAPS with MestreNova (Fig. 20a), some 

peaks can easily be assigned. The G, P and K shifts on the 13C-NMR axis are related to the meta, ortho, 

and para aromatic carbons connected to the silicons in the OAPS cages. Similarly, the C, A and B shifts 

correspond to the carbons connected to the amine nitrogens. The other 13C-NMR shifts are associated 

with the aromatic hydrogens and their cross-points can be compared to the experimental spectrum. 

However, it is clear that the predicted cross-points are scattered and far from the experimental data (for 

example M and N). The situation improves significantly for the predicted 2D-NMR spectrum of the 

commercial OAPS with Gaussian (Fig. 20b). The G, P, K, C, A and B shifts on the 13C-NMR axis can 

again be assigned to the carbons linked either to the OAPS cage silicons or to the amine nitrogens. As far 

as the cross-points are concerned, the ortho D, para E, ortho F and meta H shifts correspond very well to 

experimental contour lines. The other cross-points are slightly more displaced because of the differences 

between predicted and experimental peaks. The largest deviation of the prediction from its corresponding 

counter line seems to be the meta L peak, which could be due to an underestimation in the 13C-NMR 

spectrum. However, the Gaussian-predicted cross-points still reproduce rather well the ten contour points 

of the experimental HSQC spectrum, i.e. the prediction is much better than that of MestreNova in Fig. 

20a. 

 In the predicted 2D-NMR spectrum of the controlled OAPS with MestreNova (Fig. 20c), the G, K, 

B and C shifts on the 13C-NMR axis are related to the carbons connected either to the cage silicons or to 

the amine nitrogens. For the carbons connected to aromatic hydrogens, the black rectangles suggest that 

the two sharpest 13C-NMR peaks, which correspond to large contour cross-points, can be assigned to the 

para isomer. On the other hand, the H, I, J and L shifts can be assigned to the meta isomer. However, as 

for (a), the predicted shifts for the aromatic hydrogens lead to cross-points that are displaced with respect 

to the experimental signals, even if there is a better agreement than for the commercial OAPS. The 

situation for the predicted 2D-NMR spectrum of the controlled OAPS improves once again with Gaussian 

(Fig. 20d). The assignment of each peak to a specific isomer is similar to MestreNova but the cross-points 

are much closer to the experimental adjacent contour point. The black rectangles confirm that the sharp 

13C-NMR peaks correspond to the para isomer. 
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Fig. 20. The experimental HSQC spectrum for the commercial (blue) and controlled (pink) OAPS 

compared to the δcalc_scaled for the 13C-NMR shifts (y-axis) predicted by Gaussian at the 

HCTH407/6-311+G(2d,p) level of theory (a-d), and compared to the 1H-NMR shifts (x-axis) 

predicted by MestreNova (a & c), and Gaussian at the same level of theory (b & d). The 

colours for the isomers are orange for meta, green for ortho and purple for para. 

 

 While it was difficult to unambiguously assess the quality of the MestreNova and Gaussian 

predictions for 1H-NMR using the one-dimensional spectra only, the 2D-NMR predictions prove that the 

Gaussian calculations with DFT are much better at predicting accurate chemical shifts for 1H-NMR than 

MestreNova.  

 Consequently, the final isomer assignment for each peak is that predicted by Gaussian with DFT 

at the HCTH407/6-311+G(2d,p) level of theory. It is summarized in Table 10. 
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Table 10. The Gaussian-predicted δcalc_scaled compared to the δexp for the 13C-NMR and 1H-NMR  

chemical shifts in ppm for each aromatic carbon and hydrogen peak identified in the 

commercial and controlled OAPS samples and the assignment of each signal to a specific 

isomer (Tables 4-9). 

H and C 

Type 

Commercial 

δcalc_scaled 

Commercial 

δexp 

Controlled 

δcalc_scaled 

Controlled 

δexp 
Identification Isomer type 

C1 131.09 130.70 130.73 129.28 G meta 

HC2 - C2 7.03-120.61 7.09-119.55 6.73-120.17 6.75-119.74 J meta 

C3 148.41 148.34 148.19 147.71 C meta 

HC4 - C4 6.71-116.39 6.72-116.64 6.36-115.91 6.37-116.13 L meta 

HC5 - C5 6.99-128.36 6.96-128.97 6.55-127.98 6.70-128.20 H meta 

HC6 - C6 6.87-121.39 6.84-121.60 6.69-120.95 6.45-121.51 I meta 

C1 111.67 111.78 - - P ortho 

C2 153.89 153.53 - - A ortho 

HC3 - C3 6.58-114.42 6.64-115.28 - - N ortho 

HC4 - C4 7.05-132.27 7.09-132.45 - - F ortho 

HC5 - C5 6.60-115.98 6.64-115.28 - - M ortho 

HC6 - C6 7.39-135.32 7.32-135.54 - - D ortho 

C1 117.56 116.64 117.09 116.13 K para 

HC2 - C2 7.17-134.87 7.21-135.54 6.90-134.54 6.93-135.35 E para 

HC3 - C3 6.60-113.26 6.46-113.60 6.20-112.76 6.23-113.59 O para 

C4 150.94 151.00 150.75 151.36 B para 

  

Conclusions 

 Experimental characterizations were carried out both for a commercial OAPS containing all three 

isomers and for a controlled OAPS containing only the para and meta isomers. This included 

pycnometry, which showed that the densities of the commercial and controlled OAPS samples were 

close, i.e. respectively 1.39±0.01 g/cm3 and 1.37±0.01 g/cm3. Density thus seems rather insensitive to the 

nature and the proportions of the isomers. On the other hand, the IR, as well as the 13C-NMR and the 1H-
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NMR spectra in one dimension and two dimensions were found to be more isomer-specific. To better 

identify the isomers, the experimental results were compared to predictions of the IR and NMR spectra 

from DFT quantum mechanical methods and machine-learning techniques. 

 IR predictions allowed for the identification of the various modes of vibrations and assigned some 

of the experimental peaks to specific isomers. The one-dimensional and two-dimensional NMR 

predictions were more difficult to carry out as the results were dependent on the method and the level of 

theory used. The Gaussian DFT-predicted shifts at the HCTH407/6-311+(2d,p) level of theory were 

found to be consistent with the experimental 13C-NMR and 1H-NMR shifts. MestreNova was also tested 

for the prediction of the 1H-NMR shifts but did not give accurate results when compared with the 2-D 

HSQC OAPS experimental spectra. On the other hand, the Gaussian DFT-predicted shifts were found, 

when scaled, to correspond well to the contour clouds of the 2-D NMR spectra for both the commercial 

OAPS (3 isomers) and the controlled OAPS (2 isomers) samples. Within this context, quantum 

mechanical methods are clearly superior to machine-learning methods, despite being computationally 

much more expensive. As a result, each peak in the 13C-NMR and 1H-NMR OAPS spectra could be 

assigned to a specific isomer using the Gaussian DFT-predictions. 
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