
Determination of polyglycerol substructures and their connectivity by
multidimensional and quantitative NMR spectroscopy

Downloaded from: https://research.chalmers.se, 2026-11-08 07:57 UTC

Citation for the original published paper (version of record):
Bilén, F., Nahavandizadeh, N., Larsson, M. et al (2026). Determination of polyglycerol substructures
and their connectivity by multidimensional and
quantitative NMR spectroscopy. Polymer Chemistry, 17(39): 4311-4322.
http://dx.doi.org/10.1039/d6py00638h

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



Polymer
Chemistry

PAPER

Cite this: Polym. Chem., 2026, 17,
4311

Received 2nd July 2026,
Accepted 6th September 2026

DOI: 10.1039/d6py00638h

rsc.li/polymers

Determination of polyglycerol substructures and
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quantitative NMR spectroscopy

Frida Bilén, †a Nasim Nahavandizadeh, †a,b Moa Larsson, a

Sami Zeliouche, *a,b,c Romain Bordes *a and Lars Evenäs *a,b,c

Polyglycerol (PG) is a versatile polyether whose properties strongly depend on its molecular weight and

constitutional architecture. However, detailed characterization of its molecular constitution remains challen-

ging due to its inherent heterogeneity and the resulting spectral overlap in NMR experiments. In this work, we

present an approach for the assignment and quantitative analysis of PG substructures using NMR spec-

troscopy. A detailed assignment of 13C NMR signals was achieved, enabling identification of glycerol units

based on both connectivity (terminal, linear, dendritic) and linkage type (via primary or secondary carbons).

The assignments further reveal the identities of connected glycerol units, enabling characterization of local

constitutional environments in addition to individual glycerol substructures. This provides a more comprehen-

sive description than conventional methods. Based on these assignments, a user-friendly protocol was estab-

lished to quantify the relative abundance of PG substructures. Applying this methodology to four oligomeric

PG samples (PG2–PG6) reveals an increasing proportion of linear units with molecular size and a predomi-

nance of primary linkages, consistent with mostly linear molecules. The results also reveal an increasing diver-

sity of constitutional substructures with increasing molecular size. A simplified 1H NMR approach is further

introduced for rapid estimation of terminal and linear content. This work provides a broadly applicable frame-

work for quantitative constitutional characterization of polyglycerol, enabling improved understanding of its

structure and supporting future studies of structure–property relationships.

1 Introduction

Polyglycerol (PG) is an oligomeric or polymeric substance com-
posed of glycerol units linked through various ether bond
arrangements, resulting in a wide range of molecular architec-
tures and sizes. Its structures span from small oligomers, such
as diglycerols containing only two glycerol units, to large and
sometimes hyperbranched polymers comprising more than
ten thousand repeating units.1,2

Polyglycerol is used in a wide range of applications, partly
due to its high biocompatibility3 and many hydroxyl groups
that makes it highly water soluble and provide potential deri-
vatization sites.4,5 The different sizes and structures provide
many possible uses. The large hyperbranched and dendritic

polyglycerols are used in e.g. various biomedical applications,6,7

including as biodegradable nanocarriers in the form of polylactic
acid-hyperbranched polyglycerol copolymers.8 Polyglycerol has
been explored as a multifunctional alternative to poly(ethylene
glycol) (PEG), with the advantage of offering additional sites for
further chemical modification.5,9,10 Beyond these, polyglycerol-
based materials of various structures have found use in additive
manufacturing11 and in water-based printing inks.12 At the oligo-
meric scale, polyglycerol and its derivatives have a broad range of
established and emerging applications. Fatty acid esters of poly-
glycerol are used as green, nonionic surfactants,13,14 and polygly-
cerol esters are widely used as food emulsifiers.15 Triglycerol is
used as a moisturizing agent in cosmetics,6 and polyesters
derived from di- and triglycerol have additionally shown promise
as lubricants.16 More broadly, oligomeric polyglycerol represents
a growing market, with key applications spanning the personal
care, food and beverage, and pharmaceutical industries.17

While, as the name suggests, PG can be prepared by con-
densation of glycerol, it can also be synthesized from other
monomers, see Fig. 1a, each of which promotes the formation
of different PG structures. For the preparation of large, hyper-
branched PG, glycidol is commonly employed as a
monomer.18 The epoxide group offers a reactive functional†These authors contributed equally to this work.
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group that can take part in the polymerization. The use of gly-
cidol allows PG to reach very high molecular weight, but a sig-
nificant drawback is the toxic nature of glycidol.19,20 Other syn-
thetic strategies to achieve hyperbranched polyglycerol are
using glycerol carbonates.21 In contrast, linear PG can be syn-
thesized by polymerizing hydroxyl-protected glycidol deriva-
tives, such as ethoxyethyl glycidyl ether (EEGE), followed by
removal of the protecting group after polymerization.5,22 There
are also examples where glycidol and the protected monomer
have been used together in various relative amounts to control
the degree of branching.23

Polyglycerol can also be produced from glycerol, a renew-
able raw material that is generated in large quantities as the
main byproduct of biodiesel production. Valorization of this
glycerol side stream contributes not only to the sustainability
of polyglycerol production but also to the improved economic
viability of the biodiesel industry.24 Although linear products
are favored during the conventional base catalyzed self-
polymerization of glycerol due to the more reactive primary
hydroxyl groups and the regioselective ring opening of formed
epoxide,25 it yields a mixture of isomers resulting from the three
hydroxyl groups that can participate in etherification.15

Consequently, PG is typically obtained as a mixture of molecules
with different molecular weights and varying degrees of linear,
branched, and cyclic structures, see Fig. 1b for two examples.
The resulting size distribution and degree of branching can be
influenced by the choice of catalyst and reaction
conditions.10,19,26,27 Etherification of glycerol typically yields oli-
gomers of relatively low molecular weight due to formation of
undesired side products and slow reaction rate compared to
polymerization of glycidol.28 Nevertheless, Salehpour and Dubé
reported the polymerization of glycerol to PG with a number-
average molecular weight corresponding to approximately 50 gly-
cerol units, demonstrating that moderately high degree of
polymerization can also be achieved directly from glycerol.19

The molecular structure and degree of branching of PG has
a direct effect on its physicochemical properties. Imran ul-haq
et al. showed that for high molecular weight PG (120 000 g
mol−1, ca. 1600 glycerol units) considered for drug delivery

systems, hyperbranched PG has longer blood circulation time
than its linear counterpart, attributed partly to the higher
deformability of the linear molecule which allows it to be
more easily filtered out by the kidneys.29 For partially esterified
linear or branched PG (3000 g mol−1, ca. 40 glycerol units)
used for encapsulation, it has been shown that the PG struc-
ture has an effect on the viscosity and encapsulation
capacity.30 The degree of branching also affects glass transition
temperature, and increased branching seems to increase the
intramolecular hydrogen bonding while decreasing the inter-
molecular hydrogen bonding.23 In addition, structural vari-
ations in branched PG influence interfacial and functional pro-
perties such as wettability and print quality when used as a
print additive,12 and plasma protein adsorption when used in
biocompatible surfaces.31 The heterogeneous nature of poly-
glycerol materials poses challenges for establishing structure–
property relationships. Zhang and Zhang have for example
raised concerns about the lack of understanding of the effect
of polyglycerol branching on surfactant properties for polygly-
cerol ester surfactants.13 These challenges underscore the
importance of quantitative structural characterization of
polyglycerol.

NMR spectroscopy has been used to determine information
about polyglycerol structure. The first characterization of
various polyglycerol structures from 13C NMR was done in the
1980s.32,33 These assignments enabled only partial structural
characterization, however. Subsequent studies have progress-
ively extended the peak assignment for structural
identification,21,34–37 with the most intense peaks assigned to
one or several of the six glycerol unit structures shown on the
top row of Table 1. These structures have been categorized
according to the number of ether linkages to other glycerol
units, where a structure with all three carbons linked is called
dendritic (D), with two links is called linear (L), with one link
is called terminal (T), and no links is a glycerol molecule (G).
The structures can be divided further according to by which
carbon(s) they are connected, and this nomenclature varies
between different references, but we have chosen to name
them according to whether they are connected via their

Fig. 1 (a) Four examples of monomers used to synthesize polyglycerol, and (b) two examples of polyglycerol molecules, each with six glycerol units
but one is linear and one branched.
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primary (p) or secondary (s) carbons. Building on these assign-
ments, Sunder et al. developed a widely adopted method for
calculating the degree of branching from quantitative 13C
NMR integrals of dendritic and linear glycerol unit struc-
tures.36 For PG synthesized with a distinct initiator molecule,
the degree of polymerization has also been determined by
comparing the integrals of the initiator peaks to the rest of the
polyglycerol, in either 13C36 or 1H NMR.23

Although these peak assignments of PG provide useful
information, it does not give a complete connectivity descrip-
tion of the often heterogeneous PG material. As has been
shown by Cassel et al.38 by comparing the NMR signals for
several pure oligomeric PG standards, carbons belonging to
different glycerol unit structures sometimes give signals at
similar chemical shifts, giving rise to a complex pattern of par-
tially overlapping signals. In addition, they showed that the
chemical shifts for a given glycerol unit structure are sensitive
to the constitution of the neighboring units, and in theory it
could then be possible to extract more detailed structural
information from the NMR spectra than what has been done
so far. The reported 13C NMR chemical shift of the standards
by Cassel et al. gives important information in the attempt to
characterize the structure of a PG material on a deeper struc-
tural level, but they cover only a limited set of oligomers,
which does not represent the full structural space of larger or

more branched polyglycerols. Therefore, we present a devel-
oped methodology for quantitative determination of detailed
constitutional information of PG.

In this work, we conduct a multi-experiment NMR strategy for
peak assignment in 13C NMR, which is then used for quantifi-
cation of glycerol substructures in PG. This provides detailed con-
stitutional information at the level of individual glycerol units
and their connectivity. By combining 13C, DEPT-135,
INADEQUATE, HSQC, and HMBC NMR experiments, we identify
substructures that describe not only the local glycerol unit con-
figuration, but also the identity of the connecting carbon on the
adjacent glycerol unit (see Table 1). These substructures are
classified according to whether the connecting carbon on the
neighboring unit is primary (p) or secondary (s), thereby offering
a more comprehensive picture of PG constitution. The resulting
assignments are compared to previously published PG peak
assignments, demonstrating that they provide a complementary
and more informative basis for PG structure elucidation.
Building on these assignments, we propose a quantification pro-
tocol based on quantitative 13C 1D NMR spectrum and apply it
to four oligomeric PG samples of varying composition.

Finally, for cases where this level of structural detail is
unnecessary, we present a straightforward 1H 1D NMR spec-
trum approach for rapid assessment of terminal and linear gly-
cerol units.

Table 1 Overview of possible glycerol units and substructures in polyglycerol (PG)

G Tp Ts Lpp Lsp D

Structure

Glycerol units needed to
form the structure

1 2 2 3 3 4

Substructure

G = glycerol (not connected to any other glycerol unit, three free hydroxyl groups), T = terminal (one connection to another glycerol unit, two free
hydroxyl groups), L = linear (two connections, one free hydroxyl group), and D = dendritic (three connections, no free hydroxyl groups). In the
unit notation (e.g., Tp-p, Ts-p, Lpp-pp), the letter(s) before the hyphen indicates whether the linkage occurs via a primary (p) or secondary (s)
carbon of the unit, while the letter(s) after the hyphen denote the corresponding carbon(s) of the connected glycerol unit. For structures with
multiple linkages, the correspondence is pairwise: the first letter before the hyphen corresponds to the first letter after the hyphen, the second
letter before the hyphen corresponds to the second letter after the hyphen, and so forth.

Polymer Chemistry Paper

This journal is © The Royal Society of Chemistry 2026 Polym. Chem., 2026, 17, 4311–4322 | 4313



2 Results and discussion

Four different oligomeric polyglycerol samples were investi-
gated, PG2, PG3, PG4 and PG6, with increasing size and poly-
dispersity. See Fig. 2 for the 13C spectra of the four samples
and for pure glycerol. 1H, 13C and DEPT-135 spectra for the
four samples and glycerol can be found in the SI.

2.1 Assignment of 13C NMR signals

Both PG2, representing the smallest oligomers with the most
narrow size distribution, and PG6, representing the largest oli-
gomers with the widest size distribution, were used for the
peak assignment, in combination with pure glycerol. Together,
these three samples provided a comprehensive basis for the
assignment, as each contained signals not present or well-
resolved in the other spectra.

Three main regions could be identified in the 13C spectra
based on the chemical shift: a high-shift region corresponding
to secondary CH-OR carbons, a middle-shift region containing
both secondary CH-OH and primary CH2-OR carbons, and a
low-shift region corresponding to primary CH2-OH carbons.38

For the middle region, where CH and CH2 carbons overlap, the
DEPT-135 pulse sequence was used to distinguish between the
two carbon types.

One-bond carbon–carbon (1JCC) connectivity was then estab-
lished through the INADEQUATE pulse sequence. However,
due to the low natural abundance of 13C and the consequently
low sensitivity of this experiment, only a subset of the signals
could be assigned this way. For the remaining low intensity

signals, HSQC and HMBC were employed to complete the
assignment by establishing short- and long-range carbon-
proton (nJCH) connectivities. The HSQC and HMBC spectra of
PG6, and one representative example illustrating this assign-
ment process is provided in the SI.

Using this combined approach, most signals could be
assigned to the carbon atoms of the glycerol unit substructures
presented in Table 1. For some peaks of low intensity or over-
lapping signals, a resolved assignment was not attainable, and
instead several substructures were attributed to the same
multi-signal containing peak, and some signals remained
unassigned. The resulting chemical shift assignment is pre-
sented in Fig. 3.

An intriguing observation is that even within the same sub-
structure, the chemical shifts can vary quite noticeably. This
was particularly noticeable for the terminal substructures,
where two slightly different sets of peaks were consistently
observed, marked with prime (′) or double prime (″) in Fig. 3.
This may reflect differences in the chemical environment
beyond the directly connected glycerol units. Such differences
could arise from longer-range constitutional effects, but stereo-
chemical sequence may also contribute, since condensation
can generate stereogenic environments and hence diastereo-
meric oligomer sequences. The present NMR data establish
constitutional connectivity but do not allow these two contri-
butions to be distinguished unambiguously.

No peaks were assigned to dendritic, Lsp, or Lpp-ss sub-
structures for the four samples, though a small number of
unassigned peaks remain that may correspond to these units.

Fig. 2 Quantitative 201 MHz 13C NMR spectra of glycerol and the four polyglycerol samples (PG2, PG3, PG4, and PG6) recorded in DMSO-d6.

Paper Polymer Chemistry

4314 | Polym. Chem., 2026, 17, 4311–4322 This journal is © The Royal Society of Chemistry 2026



Fig. 3 Visualization of the assigned peaks, shown on the 201 MHz 13C NMR spectrum of PG6. Dotted circles indicate assignments based on the
PG2 sample that are either absent or below the signal-to-noise threshold in the PG6 spectrum. The DEPT-135 spectrum, shown below the 13C spec-
trum, was used to distinguish between CH2 carbons (negative peaks) and CH carbons (positive peaks). Structures marked with prime (’) or double
prime (’’) within the same substructure type indicate two slightly different sets of chemical shifts, which may arise from differences in the longer-
range constitutional and/or stereochemical environment.
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The lack of dendritic structures is consistent with the nature of
the materials studied, as the samples have a low degree of
polymerization and were intentionally produced to be predo-
minantly linear. For future work aiming to complete the spec-
tral assignment for these substructures, the strategy developed
here could be applied to more highly branched polyglycerol
materials, or alternatively the assignments could possibly be
deducted by comparison with previously reported NMR data
for branched structures in the literature.

The comparison between the peak assignments presented
here with selected literature references is shown in Fig. 4. The
comparison with the work by Cassel et al.,38 who report assign-
ments at the same detailed substructural level for pure PG oligo-
mer standards, is particularly important. The two studies differ
methodologically in an important respect: Cassel et al. assign
peaks for known, pure structures, whereas our materials are mix-
tures of unknown constitution. In addition, the chemical shifts
cannot be compared directly, as they are concentration-dependent
and differ between the two datasets. In general, we observe that
peaks shift downfield with increasing concentration (see Fig. S12
in SI), though the magnitude of this effect varies between individ-
ual carbon signals, reflecting differences in how sensitive each
chemical environment of the nuclei is to concentration. Since
Cassel et al. do not report the concentration used in their
measurements, an exact shift-by-shift comparison is not possible.
In this work, the concentrations used are reported explicitly,
which should facilitate direct comparisons in future studies.
When the shifts are adjusted to match the position of common
peaks as reference points, however, most major peaks align well
between the two works, which we regard as a validation of our
assignment strategy.

The two studies are complementary to each other, and
together the two datasets cover a broad subset of possible PG

constitutions. Notably, some assignments from Cassel et al.
offer potential explanations for peaks that remain unassigned
in our spectra. For example, the cluster of small peaks between
61 and 62 ppm may correspond to Lsp or Ts structures, and
the unassigned component of the peak just below 73 ppm is
consistent with dendritic or Lsp units. While the reference
assignments of Cassel et al. support the interpretation of
ambiguous or low-intensity signals in our spectra, our method-
ology demonstrates how assignments can be systematically
done for mixtures of various PG molecules. This complemen-
tarity is significant for the broader PG community, where
Cassel et al. provide validated reference assignments for key
substructures, and our work expands the accessible structural
space of PG and equips the community with both validated
reference points and a practical, transferable analytical proto-
col for future assignment efforts. Together, this enables more
reliable and detailed structural characterization of PG
materials, which is essential for advancing structure–property
relationships and supporting the rational design of PG-based
materials.

The assignments reported by Sunder et al.36 have been
widely adopted for determining PG structure, and are shown
in Fig. 4 alongside the more recent complementary work of
Spears et al.,37 which follows the same assignment but with an
additional Ts structure. A key difference to our work is that
Sunder et al. worked with larger, hyperbranched PG, which
produces a different spectral response with more linear and
dendritic structures compared to the low-molecular-weight,
predominantly linear materials studied here. Our results and
those of Cassel et al. suggest that the approach used by Sunder
et al. of grouping broad regions of overlapping signals under
one or two structural assignments is a simplification of the
underlying spectral complexity. As shown in both datasets,

Fig. 4 Comparison of the 13C peak assignments from this work (based on glycerol, PG2, and PG6) with those reported by Cassel et al.38 and Sunder
et al.36 supplemented with additional assignments from Spears et al.37 Since the spectra were recorded in different solvents and at different concentrations,
which directly affects the chemical shifts, the axes have been adjusted to facilitate visual comparison of the assignment positions across studies.
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several of these regions contain contributions from multiple
distinct substructures. The Sunder assignment scheme
remains useful for a rough compositional analysis, but where
more detailed structural information is required, the assign-
ments developed here and by Cassel et al. offer a valuable
complement.

2.2 Quantitative constitutional analysis based on 13C NMR

Inverse-gated quantitative 13C spectra were collected by assuring
that the relaxation delay between scans was sufficient, and the
quantitative nature of the spectra enables integrals to be used for
determination of the relative amounts of the substructures.

The determination of the relative amounts of each substruc-
ture began with the well-resolved peaks that could be uniquely
assigned to a single substructure, marked with an asterisk (*)
in Table 2. As each carbon in a specific substructure contrib-
utes equally to the total integral, the integral contribution for
the remaining carbons of this substructure could then be
determined and subtracted from peaks with signal overlap, fol-
lowing the procedure in Table 2, where the peak names are
specified according to Fig. 5. For substructures Tp-s and Ts-p,
however, this approach was insufficient due to multiple peaks
with overlap. In these cases, it was assumed that the residual
integral of peak M (after subtraction of contributions from G
and Tp-p) corresponds to Tp-s, and the residual integral of
peak O (after subtraction of contributions from Tp-s and Ts-s)
corresponds to Ts-p.

The integrals of each assigned peak and the calculations
for the contribution of each substructure can be seen in
Table 2 for the PG6 sample. This process was repeated for the

other samples as well. The composition of the samples in
terms of the different substructures could be determined, see
Table 3.

The relative amount of substructures with two ether bridges
increases with increasing size of the polyglycerol samples,
which is expected since longer chains require a higher pro-
portion of linear or dendritic units to extend the backbone.
Correspondingly, the integral contribution from unassigned
peaks also increases for larger and wider size distributions, as
larger polyglycerol structures give rise to a greater variety of
possible connectivity patterns, resulting in a larger number of
small peaks with slightly different chemical shifts that are
difficult to assign individually. Overall, the findings are in
good agreement with the supplier’s claim of a high linear
content, with Tp-p and Lpp-pp being the most prevalent sub-
structures identified, indicating that the polyglycerol chains
are predominantly linearly connected through ether bonds at
the primary carbons. The quantitative 13C analysis benefits
from high magnetic field strength, as reduced spectral resolu-
tion at lower fields increases overlap between closely spaced
signals and consequently the uncertainty of deconvoluted inte-
grals. Lower sensitivity can in principle be compensated by
longer acquisition times. High-field NMR is therefore rec-
ommended when accurate quantification of individual sub-
structures is required.

2.3 Determination of the sample composition based on 1H NMR

Since quantitative 1H NMR is more accessible than quantitat-
ive 13C NMR, the former was also investigated as a practical
alternative for obtaining compositional information about the

Table 2 Illustration of the stepwise procedure used to determine the fractional composition of G, T, and L substructures in sample PG6, based on
peak deconvolution in the 13C NMR spectrum, where the peaks are named according to Fig. 5

Peak (integral)

Substructure

Glycerol Tp-p Tp-s Ts-p Ts-s Lpp-pp Lpp-ps Residual

A (0.010) = A* 0
B (0.004) = B* 0
C (0) = C* 0
D (0.036) = Y/2-B 0.023
E (0.0310) = J = 2L = K 0.005
F (0) = F* 0
G (0.057) = I = H = K 0.001
H (0.026) = H* 0
I (0.015) = I* 0
J (0.103) = J* 0
K (0.016) = K* 0
L (0.072) = L* 0
M (0.123) = 2F = I + J 0

N (0) = 2C 0
O (0.074) = H–X = 2A 0

Unassigned peaks — — — — — — — 0.191
Glycerol unit fraction 0 0.35 0.08 0.05 0.03 0.22 0.05 0.22
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polyglycerol samples. See Fig. 6 for the 1H NMR spectra of the
four samples and glycerol.

Quantitative 1H NMR revealed two distinct regions: one
between 3.1 and 4.1 ppm corresponding to carbon-bound
protons, and one between 4.3 and 5.0 ppm corresponding to
hydroxyl protons. The carbon-bound proton region
(3.1–4.1 ppm) proved difficult to use for quantification. The
signals from different constitution types overlap heavily in this
region, and a water peak was also present, further complicat-
ing the interpretation of the integration. For these reasons, the
hydroxyl region (4.3–5.0 ppm) was used for quantification
instead, as it offered better-resolved and more distinguishable
signals. DMSO-d6 was selected as the solvent to enable obser-
vation of the hydroxyl protons, as protic solvents such as
deuterated alcohol or water would cause rapid exchange with
the OH protons, rendering these signals invisible in the 1H
NMR spectrum.

Based on the peak assignment from HSQC, three regions
could be identified within the hydroxyl range: L at
4.71–4.77 ppm, T + G at 4.43–4.64 ppm, and G at
4.36–4.40 ppm, see Fig. 7. While the terminal and glycerol
hydroxyl signals overlap within the T + G region, the
G-contribution could be subtracted based on the separate G
region to give the terminal hydroxyls (integral of
4.36–4.40 ppm region divided by two, as this region is for both

of the primary hydroxyls of the glycerol). Therefore, this region
could be used for quantitative analysis to calculate the relative
amounts of hydroxyl protons associated with the structures L,
T and G. To calculate the relative amounts of each structure,
the integrals of these regions should be compared to the inte-
gral of the C–H region. However, any present water signal in
the C–H region must first be considered. In the glycerol, PG2
and PG3 samples, the water signal was sufficiently resolved to
allow estimation of the water contribution. The number of
water molecules per glycerol unit (nH2O) was calculated using
the water signal integral (IH2O) and the integral of the
3.1–4.1 ppm region (I3.1–4.1), including five non-exchangeable
protons per glycerol unit and two protons per water molecule,
using nH2O = 5IH2O/2(I3.1–4.1 − IH2O). For glycerol, PG2 and PG3,
nH2O = 0.12, 0.22 and 0.085, respectively. For the PG4 and PG6
samples, the water signal was too small and overlapped with
other signals to be reliably estimated. As it was smaller than
that of PG3, the water content of PG3 (nH2O = 0.085) was taken
as an upper-bound estimate and applied to both samples. By
normalizing IC–H = I3.1–4.1 − IH2O to a value of 5 (the number of
carbon-bound protons per glycerol unit), the fractions of G, T,
and L structures in each sample were calculated according to
eqn (1)–(3):

L ¼ IL ð1Þ

Fig. 5 Naming convention of the assigned signals, visualized on the 13C NMR spectrum of PG6 (201 MHz). Peaks with several overlapping signals
that were assigned as a group are marked with double-headed arrows to show the range of signals that are included in the named peak.

Table 3 Quantity of each substructure by 13C NMR spectroscopy

Sample

Quantity of each substructure based on integrals of C signals in 13C spectrum

Unassigned

Glycerol 100% — — — — — — —
PG2 2% 72% 12% 11% 1% 1% — 1%
PG3 — 55% 6% 10% 3% 14% 4% 8%
PG4 — 43% 4% 8% 3% 21% 5% 15%
PG6 — 35% 8% 5% 3% 22% 5% 22%

Paper Polymer Chemistry

4318 | Polym. Chem., 2026, 17, 4311–4322 This journal is © The Royal Society of Chemistry 2026



G ¼ IG
2

ð2Þ

T ¼
ITþG � IG

2
2

ð3Þ

where IL, IG, and IT+G are the normalized spectral integrals of
the L, G, and T + G regions, respectively. Since each G unit con-
tains two primary hydroxyl groups, the integral of the G region

is divided by 2 to obtain its molar fraction. Similarly, since
each terminal unit contains two hydroxyl groups, the remain-
ing integral after subtracting the G contribution from the T +
G region is divided by 2 to give the fraction of T structures.
The results are presented in Table 4, where they are also com-
pared to the composition determined by the 13C NMR method,
showing good agreement between the two approaches. It is
important to note that as no Lsp or Lpp-ss substructures were
identified in the analyzed samples, hence the chemical shift of

Fig. 6 Quantitative 800 MHz 1H NMR spectra of glycerol and the four polyglycerol samples (PG2, PG3, PG4, and PG6) recorded in DMSO-d6.

Fig. 7 Hydroxyl region of quantitative 800 MHz 1H NMR spectra of the PG6 sample with marked regions according to the assignment of L, T and G,
recorded in DMSO-d6.
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their respective hydroxyl protons have not been established
here. Therefore, some future additional assignments and sub-
sequent modifications to the described strategy may be
required for materials where these structures are present.

Some sources of error exist in the method, arising from
factors such as baseline correction and water contribution, as
illustrated by the pure glycerol sample where 1% of hydroxyl
protons were determined as T, but overall, the presented proto-
col gives a robust composition determination in terms of gly-
cerol, terminal and linear structures.

The unassigned hydroxyls, obtained by subtracting the
assigned hydroxyl integrals from the total hydroxyl region, can
be directly related to the unassigned glycerol units. This allows
the average number of hydroxyls per unassigned unit to be
estimated, see Table 4, providing insight into the nature of
these units. This provides structural information about the
unassigned fractions that is not accessible from 13C NMR.

Although the 1H NMR method does not provide the same
level of structural detail as quantitative 13C NMR, it offers a
more straightforward approach, requiring only direct inte-
gration without the spectral deconvolution which is a necessity
for the 13C interpretation, and can provide a reliable indication
of the relative fractions of linear and terminal units.

3 Conclusions

In this work, we have developed a comprehensive NMR-based
methodology for detailed structural characterization of oligo-
meric polyglycerol (PG), enabling both assignment and quanti-
fication of glycerol substructures at an unprecedented level of
detail. By combining multiple complementary NMR experi-
ments (1H, 13C, DEPT-135, INADEQUATE, HSQC, and HMBC),
we established a framework for resolving and assigning a large
fraction of the carbon signalsin complex PG mixtures.

A key outcome of this study is the introduction of a sub-
structure-based description of PG constitution, in which gly-
cerol units are classified not only by their connectivity (G, T, L,
D), but also by the nature of the linkages to neighboring units
(primary vs. secondary carbons). This approach provides a sig-
nificantly more nuanced representation of PG architecture
compared to conventional assignment schemes, which often
group broad spectral regions and thereby fail to capture the
underlying structural diversity. Our comparison with literature
data confirms that the present assignments are consistent

with previous studies while offering enhanced structural
resolution and interpretability, particularly for heterogeneous,
low-molecular-weight samples.

Building on these assignments, we established a readily
applicable quantitative 13C NMR protocol for determining the
relative abundance of individual substructures by systematic
peak deconvolution. Application to four PG samples (PG2–
PG6) revealed a clear compositional trend, with increasing
chain length leading to a higher fraction of linear substruc-
tures. The predominance of Tp-p and Lpp-pp units confirms
that the investigated materials are primarily composed of line-
arly connected glycerol units via primary carbons, in agree-
ment with their synthesis from glycerol and the supplier speci-
fications. At the same time, the increasing contribution of
unresolved peaks with sample size highlights the rapidly
expanding structural complexity of PG with increasing degree
of polymerization.

Importantly, we also demonstrate that quantitative 1H NMR
can serve as a practical and accessible alternative for estimat-
ing overall composition, particularly the relative amounts of
terminal and linear units. While this method does not provide
the same level of structural detail as 13C-based analysis, it
offers a rapid and experimentally straightforward approach
that yields results consistent with the more rigorous 13C
quantification.

Despite these advances, some limitations remain. Complete
peak assignment was hindered by signal overlap and low-
intensity signals. The observation that even identical substruc-
tures exhibit multiple chemical shifts underscores that PG con-
stitution cannot be fully described by nearest-neighbor con-
nectivity alone, but is influenced by a long-range structural
context. Furthermore, dendritic and secondary-linked sub-
structures (Lsp) could not be conclusively identified in the
present samples, reflecting both their low abundance and the
predominance of linear architectures in the studied materials.

Overall, this work provides a general and extensible frame-
work for quantitative structural analysis of polyglycerol, brid-
ging the gap between simplified compositional metrics and
the true complexity of PG constitution. The methodology
offers new opportunities to systematically investigate struc-
ture–property relationships in polyglycerol materials.

Future work should aim to extend this approach to highly
branched and dendritic PG, where the full diversity of sub-
structures can be explored, as well as to correlate the detailed
constitutional information obtained here with macroscopic

Table 4 Composition of the samples in terms of G, T and L structures, determined from 1H (left) and 13C NMR analysis (right)

Sample

Quantity of each substructure based on integrals of OH in 1H
spectrum

Sample

Quantity of each substructure based on
integrals of C signals in 13C spectrum

G T L Unassigned (average OH per unit) G T L Unassigned

Glycerol 99% 1% — — Glycerol 100% — — —
PG2 2% 93% 3% 2% (0.9) PG2 2% 96% 1% 1%
PG3 — 73% 20% 7% (0.5) PG3 — 74% 18% 8%
PG4 — 58% 26% 16% (0.4) PG4 — 58% 26% 15%
PG6 — 48% 27% 25% (0.4) PG6 — 51% 27% 22%
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properties of PG-based materials such as surfactants or in bio-
medical applications.

4 Materials and methods
4.1 Materials and sample preparation

Four different oligomeric polyglycerol products of different
size distributions were provided by Spiga Nord S.p.A (Carasco,
Italy): pure vegetable polyglycerine-6 (PG6), pure vegetable
polyglycerine-4 (PG4), pure vegetable polyglycerine-3 (PG3) and
pure vegetable diglycerine (PG2). The polyglycerol materials
are described by the supplier as having a high proportion of
linear structures with minimal cyclic content, and were all syn-
thesized by condensation of glycerol.39 The PG2 sample is
described as mainly diglycerol, the PG3 sample is mainly 2, 3,
and 4 glycerol units per molecule, the PG4 sample as mainly 3,
4 or 5 glycerol units per molecule and the PG6 sample as
mainly 3, 4, 5, 6 units and longer chains. More details about
the sample size distributions given by the supplier can be
found in the SI.

Glycerol (≥99.0%, Sigma) and fully deuterated dimethyl
sulfoxide (DMSO-d6) (99.9 atom% D, Acros Organics) were
used without further purification.

NMR samples were prepared in DMSO-d6 with 60 mg
sample in 600 μL solvent for 1H, 13C and DEPT-135, and
180 mg sample in 600 μL solvent for INADEQUATE, HSQC and
HMBC.

4.2 NMR spectroscopy

All NMR experiments were performed at room temperature on
an 800 MHz Bruker Avance III HD spectrometer (Oxford
magnet) equipped with a 5 mm TXO cryoprobe and a
SampleJet sample changer. The DMSO solvent signal was used
as the reference to calibrate the spectra (39.52 ppm for 13C and
residual 1H at 2.50 ppm), and the 1H and 13C 90° pulse lengths
were calibrated to 10.2 µs and 12.7 µs, respectively. A combi-
nation of one- and two-dimensional experiments was
employed, comprising 1H, 13C, DEPT-135, HSQC, HMBC, and
INADEQUATE. DEPT-135 was used to distinguish between CH
and CH2 groups, whereas HSQC and HMBC established one-
bond and long-range 1H–13C correlations, respectively. Direct
13C–13C connectivities were traced using INADEQUATE, allow-
ing unambiguous carbon–carbon assignment. Acquisition
parameters for each experiment, including the number of
scans (NS), time domain points (TD), relaxation delay (D1),
spectral width (SW), and coupling constant ( J), are provided in
the SI.

To determine the fraction of each glycerol substructure in
the polyglycerol, quantitative 1H 1D spectra and 13C inverse-
gated 1D spectra were acquired. Since quantitative NMR
requires complete relaxation of all signals between successive
scans, accurate T1 values must be known. T1 relaxation times
were measured on glycerol rather than on polyglycerol. This
choice was made because glycerol represents the smallest and
most mobile glycerol-based species expected in the samples

and is therefore expected to exhibit the longest T1 relaxation
times. Using a relaxation delay of D1 = 5 × T1(glycerol) thus
provides a conservative criterion that ensures complete relax-
ation of the polyglycerol resonances and the validity of quanti-
tative measurements. Note that inverse-gated 1H decoupling
was employed during acquisition to suppress NOE effects,
ensuring that the 13C signal integrals are proportional to the
number of contributing nuclei.

4.3 NMR peak assignment and constitution analysis

A systematic multi-experiment approach was employed for
reliable signal assignments. The methodology is the following:

• The DEPT-135 13C NMR spectra enabled to distinguish
CH and CH2 carbons based on their phase response, giving an
initial picture of the carbon multiplicities in the polyglycerol
backbone and substituent chains. By comparing with the
chemical shifts from ref. 38 we could identify the CH-OH,
CH-OR, CH2-OH, and CH2-OR groups.

• The INADEQUATE 13C13C spectra allowed to determine
13C–13C correlations. However, not all correlations could be
picked up in this experiment, mainly due to its inherent low
sensitivity, which stems from the low natural abundance of
13C.

• HSQC and HMBC 1H13C experiments were used to ident-
ify the low intensity signals (i.e., not identified with the
INADEQUATE experiment). HSQC was used to identify one-
bond carbon-proton correlations (1JCH), while HMBC provided
long-range carbon-proton correlations (nJCH).

• HSQC was further used to assign the 1H NMR peaks, by
identifying the protons directly attached to each carbon based
on the established 13C assignments.

For 13C NMR, integrals were determined by peak deconvolu-
tion with a Lorentzian signal shape for the fitting, for peaks
with a signal-to-noise ratio greater than 3.5. The sum of the
integrals of all deconvoluted peaks was normalized to 1 for the
13C spectra. For the 1H spectra, integrals were taken over
specific regions without deconvolution.
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