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Abstract 
 
Carbohydrate conversion offers access to a variety of chemicals with diverse functionalities. An accurate analysis of 
the multiple products in post-reaction material is indispensable for enabling good atom economy in biorefining. A 
certain need for reconsidering current analytical approaches to chemocatalytic biomass conversion is witnessed by 
the often poor carbon balances that are reported for carbohydrate conversion processes. Carbohydrate conversion 
usually includes isomerization and/or dehydration, therefore analytical approaches that are suitable for the 
distinction and concurrent quantification of isomers are desirable for developing sustainable processes towards 
known and new chemicals. Quantitative 1D NMR spectroscopy can be used to determine absolute concentrations in 
the absence of purified reference compounds and can thereafter be used to obtain response factors in other analytical 
methods resolving the compounds of interest. Here, we show that this approach is applicable for obtaining response 
factors relative to an internal standard for rapid, highly resolved 2D NMR spectra at natural isotopic abundance. 
Following calibration, this approach provides a limit of quantification in the order of 0.8 mM within an experiment 
time of a few minutes. The approach is particularly beneficial for the quantification of compounds at low 
concentrations, for instance in initial rate experiments, and for the quantification of low populated reaction 
intermediates. 
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1 Introduction 

The current trajectories of global population growth 
and of natural resource consumption are 
unsustainable, as many natural resources are poised 
to deplete within the next few generations. Hence, 
sustainable means of producing known and new 
chemicals to sustain our materials- and energy-
demanding lifestyles are needed. In this shift to 
alternative industries that rely more on renewables 
and less on petroleum refining, biomass is a 
promising feedstock [1,2]. Biomass conversion offers 
access to a variety of chemicals with diverse 
functionalities, for instance through the use of solid 
acid catalysts such as zeolites [3,4]. 

Accurate qualitative and quantitative 
analysis of the multiple products in post-reaction 
material is indispensable for the development of 
biorefinery technology. The conversion of biomass 
often includes the isomerization or dehydration of 
carbohydrates [3,5-10]. Therefore, analytical 
approaches that are suitable for the distinction and 
concurrent quantification of isomers (such as 
monosaccharides and their respective dehydration 
products) are poised to be particularly valuable for 
the analysis of biomass conversion products, and thus 
for aiding sustainable processes towards known and 
new chemicals. A certain need for reconsidering 
analytical approaches to chemocatalytic biomass 
conversion is witnessed by the often poor yields and 
low carbon balances that are reported for 
carbohydrate conversion processes, with little effort 
to identify and quantify the byproduct “dark matter” 
in the mixture [11]. 

NMR spectroscopy has been used in 
qualitative and quantitative analysis for more than 
five decades [12]. Recent improvements in 
instrumentation enable the determination of 
compound structures also in complex product 
mixtures [10,13,14]. At the same time, the 
quantitative use of NMR (qNMR) has gained 
importance in metabolic studies [15-18], natural 
products research [19,20], food analysis [21,22] and 
pharmaceutical research [18,23-25]. Compound 
identification and quantification in mixtures has 
gained much attention in biocatalysis, while 
applications in chemocatalysis have so far remained 
sparse [26-29]. Wider implementation of NMR 
methodology in chemocatalysis could be attractive, 
considering that both the substrate (mostly 

carbohydrates) and the interest in catalyst function 
and dysfunction bear close resemblance in metabolic 
and chemocatalytic processes. 

Recently, we have shown that quantitative 
13C NMR permits the identification of novel 
chemicals, and optimization of their formation by 
solvent variation in the stannosilicate catalyzed 
conversion of carbohydrates [14]. Owing to its 
superior resolution over 1H NMR, 13C NMR has an 
important role to play in the analysis of complex 
mixtures containing chemically similar compounds. 
This approach permits improved determination of 
carbon balances and of factors affecting product 
distribution upon biomass conversion. 

Quantitative 13C NMR spectroscopy suffers 
from mediocre sensitivity due to the low natural 
abundance and the lower magnetogyric ratio of 13C as 
compared especially to 1H. The mediocre sensitivity 
of 13C NMR results in lengthy experiment times that 
challenge high throughput applications of the 
methodology.  In contrast, faster and more sensitive 
quantitative 1H NMR methods result in much more 
congested NMR spectra as the 1H NMR chemical 
shift range is approximately 20-fold smaller than the 
13C chemical shift range. In addition, 1H signals are 
split into multiplets due to scalar coupling to other 
protons in the same molecule, thus further congesting 
the 1H NMR spectrum. Here, we show that 
workarounds to these problems can be achieved by 
indirect detection of 13C signals through highly 
resolved two-dimensional 1H-13C HSQC spectra. 
These 1H-13C HSQC spectra are then used for 
compound quantification upon an initial 
determination of response factors in the 1H-13C 
HSQC relative to quantitative 13C NMR spectra. To 
this end, normalization to a stable internal 
quantification standard was performed (Scheme 1). 
Two-dimensional 1H-13C HSQC spectra were 
subsequently optimized for high throughput, 
achieving a limit of quantification (LOQ) in the order 
of 0.8 mM with only 5 minutes of experiment time 
per sample. When employing a 0.4 M carbohydrate 
feedstock, this accuracy translates to a LOQ of ≤0.2 
mol% carbon. Such high accuracy can be beneficial 
in various settings, such as initial rate experiments 
under low conversion or in the tracking of pathway 
intermediates [26,27]. 
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Scheme 1. Strategy for the rapid and accurate quantitative analysis of reaction mixtures using response factors in 2D NMR. 

2 Results and Discussion 

2.1 Internal Standards 

Internal or external standards are employed in qNMR 
to obtain highly accurate and precise results [25,30]. 
Internal standardization removes many experimental 
uncertainties and is considered superior to external 
standardization [30,31]. The internal standards can be 
added either prior to biomass conversion or 
subsequent to the reaction, each approach having 
advantages and disadvantages. Many biomass 
reactions are conducted above the boiling point of the 
solvent, which is typically low in order to expedite 
subsequent purification steps. These temperatures 
imply possible solvent boil-off with concomitant 
changes to analyte concentrations, thus arguing for 
addition of internal standard into the reaction medium 
prior to the reaction. This approach was therefore 
employed here. 

Special precautions have to be taken in to 
account for the use of internal standards during the 
reaction: the standards should not decompose at high 
temperatures (often between 100 and 200 ºC) and 
should not contain acidic or other functional groups 
that may affect the reaction system. Prospective 
qNMR standard substances with Brønsted acidic or 
basic sites were excluded from the study (for instance 
the commonly employed standard maleic acid). 
Beyond being chemically inert, suitable standards 
yield strong 13C signals at low concentration that do 
not overlap with alcoholic and olefinic carbon 

positions that are common in carbohydrate derived 
products. To this avail, a minimal number of NMR 
signals are desirable, simplifying analysis and 
reducing risk of spectral overlap. Strong signals can 
be warranted by the presence of protonated carbons 
with relaxation times comparable to carbons in the 
analyte mixture and by symmetric molecules, where 
several magnetically equivalent carbons contribute 
the signal. For instance, dimethyl sulfoxide and 
dimethyl sulfone contain two equivalent carbons, 
thus doubling signal intensity, while mesitylene 
contains three sets of three equivalent carbons and 
1,4-dioxane contains four equivalent carbons also 
increasing the intensity (Scheme 2).  

 
Scheme 2. Structures of selected standard compounds tested 
herein. 

 In addition, a high boiling point was 
deemed preferable to ease preparation and reduce risk 
of material loss during the reaction. Finally, reference 
compounds should be available in high purity at low 
cost, be non-hazardous and be miscible with 

Chemical Shift (13 C, ppm)
 100  80  60  40  20 

quantitative 13 C NMR
 external or internal standard
 experiment time ~1 hour

 5  4 

 74 

 72 

 70 

 68 

 66 

 64 

 62 

1H-detected 2D NMR

Chemical Shift (1H, ppm)

Analyte signal relative to standard Analyte signal relative to standard

Response factor for quantitative 2D NMR
 experiment time <10 minutes

 lower limit of quantification 0.8 mM

(13 C, ppm)

S
O

Dimethylsulfoxide

S
O

O

Dimethylsulfone

OH
OH

HO

Glycerol

O

O

1,4-Dioxane

HO
OH

OH

OH
OH

XylitolMesitylene



4 
 

industrially relevant (and especially green) solvents 
[24,25].  Based on these considerations, the standards 
of Scheme 2 and Table 1 were selected.  

Table 1. Overview of selected internal standards and their 
performance on conditions 1 and 2. 

Entry Internal Standard B.P. Number of NMR signals 
[°C] 1Ha 13C 

1 Mesitylene 164 2 3 
2 1,4-dioxane 101 1 1 
3 Dimethyl sulfoxide 189 1 1 
4 Dimethyl sulfone 107 b 1 1 
5 Glycerol 290 3 2 
6 Xylitol 94 b 3 3 
aConsidering only protons attached to carbon 
bMelting point 

The miscibility or solubility of the prospective 
standard compounds was assessed with water, 
methanol, chloroform and dimethyl sulfoxide as 
solvents (Supplementary Table S1). Xylitol showed 
limited solubility in all solvents except water and was 
not pursued further. In contrast, mesitylene was very 
poorly miscible with water, but miscible with the 
other four solvents. Mesitylene, 1,4-dioxane, 
dimethyl sulfoxide, dimethyl sulfone and glycerol 
were thus all deemed potentially suitable primary 
standards for quantitative NMR. 

2.2 Reaction Performance 

A test reaction was selected to evaluate the stability 
of internal standards in the presence of Lewis acidic 
zeolite Sn-Beta. The test reaction was based on 
previous work within biomass conversion and was 
comprised of 8 wt% xylose and 2 wt% Sn-Beta 
zeolite catalyst in methanol [32]. The mixture was 
reacted at 160°C for up to 24 hours in order to 
evaluate the stability of internal quantification 
standards on this timescale. Full conversion was 
already achieved after 1-2 hours. Figure 1 shows the 
recovery of the standards with reasonable solubility, 
i.e. mesitylene, 1,4-dioxane, dimethyl sulfoxide 
(DMSO), dimethyl sulfone (DMSO2) and glycerol. 
Recovery indicated that all compounds were stable 
over 2 hours under the reaction conditions, while 
DMSO showed degradation on longer timescales. 
Dioxane, DMSO2 mesitylene and glycerol thus 
appeared particularly suitable as internal standards in 
the presence of Lewis acidic catalysts for prolonged 
reaction times. For short reaction times, as those 
required for full conversion in our test reaction,  all of 
the selected reference standards appeared suitable and 
sufficiently stable as internal standards. 

 
Figure 1. Stability of internal standards over time. The recovery of 
NMR signal for five compounds is displayed after 0.5, 2, 8, and 24 
hours. 

2.3 Determination of 2D NMR Responses 
Relative to 1D qNMR 

Biomass conversion can lead to new chemicals that 
do not exist as commercial compounds for the 
determination of response factors in analyses. 
Quantitative 1D NMR analyses can be used to 
determine the amounts of chemicals without the need 
for purified and isolated compounds, as 
concentrations can be determined relative a 
chemically non-identical standard [33]. The signal 
response in quantitative 1D NMR (e.g. 13C NMR) is 
proportional to the concentration of atoms generating 
the signal and is therefore identical even for different 
compounds. Quantitative 1D NMR spectra have thus 
previously been used in order to normalize 
chromatographic analyses in instances where purified 
and isolated reference compounds are not available 
[33]. NMR spectroscopy, however, offers an even 
more versatile toolbox of multi-dimensional spectra 
with advantageous spectral resolution and sensitivity. 
1H-13C HSQC spectra, as are employed here, provide 
10-fold higher sensitivity than 13C NMR spectra and 
additional resolution due to the acquisition of two 
spectral dimensions (Supplementary Table S2). 

Here, we acquired quantitative 13C NMR 
spectra and 1H-13C HSQC spectra on a reaction 
mixture, derived from the aforementioned Sn-Beta 
catalysed conversion of xylose in methanol at 160 ºC. 
Four products were selected as targets for proof of 
principle, Scheme 3, only one of which was readily 
available commercially. The targets all possess 
secondary alcohols, producing signals within a 
similar spectral region. Signals in the secondary 
alcohol region in a 1H-13C HSQC (of 24 minutes 
duration) are displayed in Figure 2. 
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Scheme 3. Selection of major products from Lewis acid catalyzed 
conversion of xylose, employed for the procedures in this work. 

 

Figure 2. The hydroxyl region of the 1H-13C HSQC spectra with a 
selection of identified products indicated. 

Following identification of the signals as in 
Figure 2, the signal areas from quantitative 13C NMR 
spectra can be employed to quantify the target 
compounds. Provided that the amount of internal 
standard (IS) is known, a compound i can be 
quantified using equation 1, where N is the number of 
carbons in the molecule producing the signal, and ci 
and cIS are the concentrations of analyte i and internal 
standard, respectively. 

(1)	
Area)

*+,	-./0/𝑁3,45678

Area9:*+,	./0/𝑁;<,45678
=
𝑐3
𝑐;<
, 

Signal areas relative to the internal standard 
(DMSO) in quantitative 13C NMR spectra (i.e. 
analyte concentrations) were correlated to the 
corresponding signal volumes in 1H-13C HSQC 
spectra, as shown in Figure 3, yielding compound 
specific response factors based on the C2-H2 group. 
The response factor 𝑅𝐹3BC	./0of a selected signal in 
compound j is here defined as: 

(2)	𝑅𝐹3
E:FG =

𝑉𝑜𝑙𝑢𝑚𝑒3
E:FG

𝑉𝑜𝑙𝑢𝑚𝑒;<
E:FG / N

𝐴𝑟𝑒𝑎3
*+,	-./0

𝐴𝑟𝑒𝑎;<
*+,	-./0R 

In plots of HSQC signal volumes vs 
quantitative 13C NMR signal areas each relative to the 
standard, the response factors thus simply correspond 
to the slope. In order to assess the accuracy of 
response factor determinations, the above-mentioned 
reaction was conducted for different durations to 
achieve a variety of concentrations for the target 
compounds. Linear regressions yielded Pearson 
correlation coefficients above 0.997 for each of the 
four displayed determinations (Figure 3), 
demonstrating excellent consistency of 1D and 2D 
NMR quantifications. 

 
Figure 3. Correlations between integrals from 1H-13C HSQC 
normalised to the internal standard (DMSO) integral and 
quantitative 13C NMR integrals normalised to internal standard. 
Correlations and linear regressions are shown for four selected 
products of the Sn-Beta catalysed xylose conversion in methanol. 

By substitution of equation 2 into equation 
1, an equation for determining the concentration by 
1H-13C HSQC signal areas instead of quantitative 1D 
13C NMR is obtained: 

(3)	𝑐3 =
Volume)

Y<Z,

Volume9:
Y<Z, × 𝑐;< ×

𝑁;<,45678

𝑁3,45678
/𝑅𝐹3

E:FG 

As 1H-13C HSQC spectra are more sensitive 
than quantitative 13C NMR spectra, equation 3 
permits more accurate quantification of the 
compound i and faster determinations than was 
possible by 13C NMR alone (Table S2 indicates 10-
fold lower limit of detection at 11-fold faster 
analyses). Conversion of concentrations to carbon 
yields requires qualitative knowledge of the chemical 
identity of compounds i. Identification of the 
compounds can be performed in unpurified reaction 
mixtures using spectra of reference compounds 
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[10,34] or through multidimensional assignment 
spectra recorded with high-field NMR [10,13,14]. 

2.4 Variation of Response Factors 

Various factors affect the signal response in 
multidimensional NMR spectra. Magnetization 
transfer can vary due to variable scalar coupling 
constants and loss of transverse magnetization during 
the transfer can likewise vary between molecules. 
Both of these factors are expected to play very minor 
roles for the response factors determined in the 
experiments of Figure 3.  Scalar 1JC2H2 couplings 
were determined for a-hydroxy esters and showed a 
very narrow distribution of couplings constants in the 
analogous structural motifs (variation between 146.0 
and 146.7 Hz, Figure 4A). Loss of transverse 
magnetization during the transfer step of few 
milliseconds in 1H-13C HSQC is likewise expected to 
be negligible.  

The 1H-13C HSQC spectra were recorded 
with a short inter-scan recycle delay in order to 
minimize the experiment time of the spectra. 
Accordingly, response factors show size dependence 
with higher response for the slightly larger 
compounds, as longitudinal (T1) relaxation in these 
compounds is more complete during the inter-scan 
delay. The predominant effect of inter-scan T1 
relaxation on differential response factors was probed 
by acquiring long HSQC spectra with 15 seconds 
instead of 1 second inter-scan relaxation delays. 
Response factors in these experiments were more 
homogeneous than for experiments using a 1 second 
recycle delay (Figure 5). Response factors generally 
approached a value near 0.33 for longer recycle 
delays, consistent with the transfer of polarization to 
carbon from three protons in the DMSO methyl 
group, but from only one proton in the a-hydroxy 
ester C2-H2 group. These findings indicate that 
response factors may be predicted from molecular 
weight and molecular weight of unknown compounds 
estimated from the response factor. Alternatively, the 
response factor for different compounds can be 
equalised, through suitable adjustments to the 2D 
NMR experiment, if desired. 

 
Figure 4. (A) Contour plot of a 1H-13C-HSQC spectrum recorded 
without 1H decoupling during the 13C evolution time. Only small 
variation (and highly similar 1H-13C magnetization transfer 
efficiency) exists for different a-hydroxy esters. (B) Response 
factor as a function of molecular weight when using inter-scan 
recycle delays of 1 second. 

 
Figure 5. 1H-13C HSQC response factors for the indicated a-
hydroxyesters when using inter-scan recycle delays of 1 second 
and 15 seconds, respectively. Complete 1H relaxation leads to more 
homogeneous response factors near 0.33 relative to DMSO. 
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2.5 Accelerated Data Acquisition 

The results above showed that upon calibration with 
few samples, responses in 1H-13C HSQC spectra can 
be used to quantitatively determine mixture 
composition in biomass conversion with sensitivity 
and throughput that is superior to the use of 
quantitative 13C NMR. The use of response factors 
permits the rapid acquisition of two-dimensional 
spectra with short inter-scan relaxation delays. Two-
dimensional spectra can be further accelerated by 
recent methodological advances permitting data 
acquisition through sampling of only a fraction of the 
data points that were conventionally acquired. 
Spectra acquired in the conventional manner and 
through the non-uniform sampling of the 13C 
dimension are displayed in Figure 6. The spectrum in 
Figure 6B recorded only 20% of the data points that 
were acquired in Figure 6A and hence could be 
acquired in only 5 minutes.  

Spectral quality in the spectrum using non-
uniform sampling was still acceptable without any 
disturbance to signal volumes or introduction of 
overlapping artefacts. The LOQ was only marginally 
affected, increasing from 0.75 mM in the regular 24 
minute experiment to 0.83 mM using non-uniform 
sampling (Supplementary Table S2). Thus, accurate 
quantitative determinations can be obtained with 
minimal sample preparation and within few minutes, 
a timescale competitive with most other commonly 
employed analysis methods. 

 
Figure 6. 1H-13C HSQC spectra obtained by a conventional (A) 
method employing 24 minutes acquisition time, and a non-uniform 
sampling method (B) using 5 minutes acquisition time. 

2.6 Validation 

To validate the demonstrated methods, a single 
reference sample of methyl lactate (9.2 mg of 98% 
nominal purity, 0.087 mmol) in methanol was 
prepared in the presence of DMSO2 as internal 
standard. A quantitative 13C NMR spectrum and a 1H-
13C HSQC NMR spectrum were recorded to 
determine the response factor of methyl lactate  
relative to DMSO2 in the HSQC spectrum. 
Subsequently, four samples were prepared of varying 
amounts of methyl lactate. Amounts of methyl lactate 
were determined by weighing with an analytical 
balance. Samples were prepared by dissolving the 
four samples in methanol solution in the presence of 
DMSO2. Quantitation with 1H-13C HSQC NMR was 
performed using the response factor calculated with a 
single independent calibration sample and was 
compared to gravimetric determinations (Figure 7A) 
and to quantitation by qNMR (Figure 7B). Linear 
regression between HSQC and gravimetric 
determinations yielded a Pearson correlation 
coefficient of 0.9995 and a slope of 0.998. Linear 
regression between HSQC and quantitative 13C NMR 
determinations yielded a Pearson correlation 
coefficient of 0.9997 and a slope of 1.016. Overall, 
comparison of the HSQC determinations using 
response factors with gravimetric and quantitative 
NMR determination show excellent consistency. 

 
Figure 7. Comparison of methyl lactate amounts determined by 
1H-13C HSQC with gravimetric analysis (A) and with quantitative 
13C NMR analysis (B).  
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3 Conclusion 

The cost and atom economy of sustainable processes 
with biomass depend on the efficient identification, 
quantification and exploitation of valuable chemicals 
in the post-reaction material. Where pure reference 
samples of new chemicals are not commercially 
available, 1D qNMR is a suitable method for the 
determination of concentrations, as the same number 
of nuclei in different chemical compounds produces 
equivalent signals. Hence, 1D qNMR spectra can be 
used to determine absolute concentrations in the 
absence of the purified reference compounds and can 
thereafter be used to obtain response factors in other 
analytical methods resolving the compounds of 
interest.  

Here, we have shown that this approach is 
applicable for obtaining response factors relative to 
an internal standard for more sensitive and better 
resolved 2D NMR spectra. Following calibration, 
these 2D NMR spectra can be used to analyse 
samples within an experiment time of a few minutes. 
The higher sensitivity provided by 2D NMR spectra 
relative to 1D NMR spectra can be particularly 
beneficial for the identification of compounds at low 
concentrations, for instance in initial rate 
experiments, and for the quantification of low 
populated reaction intermediates. 

The approach described herein relies on a 
correct quantification by 1D qNMR, while the 
subsequent 2D NMR spectrum merely needs to be 
acquired in a reproducible manner. Uncertainties in 
the acquisition of qNMR reference spectra have been 
described [31,35], where internally standardized 
spectra have less sources of uncertainty than 
externally standardized spectra [31]. The residual 
uncertainties that have to be taken into account 
include weighing uncertainties of the internal 
standards as well as its purity, including for instance 
water content, and potential degradation of the 
internal standards. Notably, these uncertainties in the 
amount of internal standard will elicit a relative error 
of determination. 

In summary, the referencing of sensitive and 
rapid quantitative NMR spectra to quantitative one-
dimensional spectra permits screening biomass 
conversion reaction at attractive throughput rates and 
high chemical detail.  
 

4 Materials and Methods 

4.1 Sample Preparation 

Test reactions were conducted as previously 
described [14]. NMR samples were prepared by rapid 
cooling of the reaction vessel to room temperature, 
removal of the Sn-Beta catalyst by filtration through 
a 0.4 µm syringe filter and addition of 50 µl d4-
methanol (Sigma Aldrich) as NMR lock substance to 
500 µl of the post-reaction material. 

4.2 NMR Spectroscopy  

All NMR spectra were acquired at 25 ºC on a Bruker 
Avance III 800 MHz NMR instrument equipped with 
a TCI CryoProbe. Quantitative one-dimensional 13C 
NMR spectra were acquired by acquiring 64k 
complex data points of the 13C signal with a spectral 
width of 239 ppm, thus sampling an acquisition time 
of 1.36 seconds for the 13C free induction decay. 128 
scans were acquired with an inter-scan recycle delay 
of 60 seconds. Inverse gated coupling was applied 
only during the acquisition period to avoid 
differential 13C signal enhancements through 
polarization transfer from 1H to 13C. 13C T1 relaxation 
times were probed by the inversion recovery method 
in order to validate that a recycle delay of 30 seconds 
suffices to allow return of the magnetization to its 
equilibration for quantitative determinations of 
protonated carbon atoms. 

Two-dimensional 1H-13C HSQC spectra were 
recorded as data matrices of 1024 ´ 300 complex data 
points and a spectral width of 9 and 30 ppm in the 1H 
and 13C dimensions, respectively. An inter-scan 
recycle delay of 1 second was employed. This 
experiment sampled the free induction decay for 142 
ms in the 1H and for 50 ms in the 13C dimension, 
respectively. A relatively narrow spectral width in the 
13C dimension (55-85 ppm) was employed to rapidly 
achieve good spectral resolution in the 13C dimension 
as described previously [21,36,37]. Analyte signals 
and reference compound signals of interest are 
subject to spectral aliasing if their 13C chemical shifts 
occur outside the narrow 13C NMR spectral width and 
appear at observed positions d13Cobs = d 13C +/- n*SW, 
where n is an integer and SW is the 13C spectral width 
of the 2D NMR spectrum. 1H-13C HSQC NMR spectra 
were acquired within 24 minutes of experiment time. 
Non-uniform sampling of the indirect dimension [38] 
was subsequently used to accelerate data acquisition 
of the 2D NMR spectra. Spectra of acceptable quality 
were obtained with sampling of 20% of the data 
points in the indirect dimension, amounting to a time 
requirement for acquisition of 2D 1H-13C HSQC 
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spectra on post-reaction samples of 5 minutes per 
sample. 

A 2D 1H-13C HSQC spectrum without 
decoupling in the 13C dimension was acquired to probe 
the variation of 1JCH coupling constants at the C2-
position of a-hydroxy esters, showing a very narrow 
distribution of 1JCH values (146.0-146.8 Hz) with 
negligible influence on 2D NMR response factors. A 
2D 1H-13C HSQC NMR spectrum with an inter-scan 
delay of 15 seconds was recorded to show that 1H T1 
relaxation has a predominant influence on differential 
response factors for the C-2 positions of different a-
hydroxy esters. 

4.3 Data Fitting 

T1 relaxation times were determined with the 
inversion-recovery method for methyl lactate and 
DPM, representing one of the smallest and one of the 
largest analytes in the current analysis. Signal areas 
𝐴(𝜏) were recorded as a function of a relaxation 
delay t and 13C T1 relaxation times at the C-2 position 
of methyl lactate and DPM were determined as: 

(4) 𝐴(𝜏) = 𝐴(0)[1 − 2 `𝑒a
b
cde] 

where 𝐴(0) is the the signal area obtained from the 
Boltzmann magnetization at thermal equilibrium. 
Data were fit using the program proFit 6.2.9 
(QuantumSoft, Zurich, Switzerland). T1 relaxation 
times indicate that recycle delays in the order of 30 
seconds correspond to a delay longer than 5 T1 even 
for methyl lactate and hence permit the acquisition of 
quantitative 13C NMR spectra (Supplementary Figure 
S2). 
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