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A B S T R A C T

In this work DLS, NTA, SAXS and NMR were used to investigate populations, size distributions and structure of
clusters in undersaturated aqueous solutions of glycine. Molecular and colloidal scale (mesoscale) clusters with
radii around 0.3-0.5 nm and 100–150 nm, respectively, were observed using complementary experimental
techniques. Molecular clusters are consistent with hydrated glycine dimers present in equilibrium with glycine
monomers in aqueous solutions. Mesoscale clusters previously observed in supersaturated glycine solutions
appear to be indefinitely stable, in mutual equilibrium within mesostructured undersaturated solutions across all
glycine concentrations investigated here, down to as low as 1mg/g of water.

1. Introduction

Aqueous solutions of highly soluble molecules, such as those of
small amino acids, are usually assumed to be essentially homogenous
systems with some degree of local structuring due to specific interac-
tions on the sub-nanometre scale (e.g. molecular clusters, hydration

shells); these molecular structures (molecular clusters) usually do not
exceed several solute molecules [1–3]. Such molecular clusters have
been reported in both experiments and simulations in aqueous solutions
of many organic and inorganic systems [4–10]. In addition to the small
molecular clusters, larger colloidal scale (or mesoscale) clusters have
also been reported and have been of great interest lately due to
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potential roles played by mesoscale structures in crystal nucleation
[2,11–15]. Recently published reviews [7,9] emphasize that there are
various molecular self-assembly pathways in nucleating solutions and
highlight the role of pre-nucleation structures in nucleation of a wide
range of organic and inorganic systems.

The presence of sub-micron size domains with liquid-like properties
has been widely reported in concentrated solutions of large organic
molecules such as proteins [11–13,16–27] as well as in those of smaller
molecules [28–41]. Detailed studies of both super- and undersaturated
aqueous solutions of NaCl, (NH4)2SO4 and Na-citrate, using dynamic
light scattering (DLS), revealed that such systems contain not only
solvated ions (with radii below 1 nm) but also larger structures with
radii varying from 50 nm to 500nm [5]. Using static and dynamic light
scattering (SLS and DLS, respectively) further investigation of under-
saturated aqueous solutions of common small organic molecules, such
as various amino acids and amines [42], citric acid [5,43,44], glucose
[44], and urea [43,44], also revealed the presence of large-scale su-
permolecular structures with broad size distributions, within ranges of
several hundred nanometers.

A detailed light scattering study shows that these structures can be
characterized as close-to-spherical, discrete domains, which present
higher solute density with respect to the less dense remainder of the
solution [44–46], with approximately 103 to 108 solute molecules
found to be present in these structures. A study of under- and super-
saturated aqueous solutions of DL-alanine revealed mesoscale domains,
with radius sizes ranging from 50 nm to 300 nm, existing well below the
solid-liquid equilibrium concentration (saturation limit) [10]. These
liquid-like, solute-rich mesoscale domains are dispersed within the bulk
solution and are not to be considered a separate phase, but instead the
liquid phase containing these clusters can be seen as a single liquid
phase in thermodynamic equilibrium with the whole system.

The dissolution of glycine crystals in water leads to the formation of
an optically clear solution which contains not only a stable population
of small molecular clusters, but also contains glycine-rich, liquid-like
mesoscale clusters, also referred to as nanodroplets, as observed using
SAXS and DLS [10,15]. It has been suggested that the presence of very
large nanodroplets, of over 350 nm radius, is required to facilitate
crystal nucleation in order to provide the critical mass of glycine es-
sential for productive crystal nucleation [15].

It has been also observed using NTA that mesoscale species were
present in undersaturated glycine solutions [17]. However, structure
and composition of mesoscale clusters and phase behaviour of such
mesostructured liquid phases is very little understood. There has been
recently emerging theoretical understanding of thermodynamics of
such phases and potential mechanisms of their formation through
competing short-range and long-range interactions [47–50], but there is
a lack of experimental data on phase behaviour and properties of me-
sostructured liquid phases.

In this work a range of complementary experimental techniques was
used, including Dynamic Light Scattering (DLS), Nanoparticle Tracking
Analysis (NTA), Nuclear Magnetic Resonance (NMR), and Small Angle
X-ray Scattering (SAXS), to investigate mesostructured glycine solutions
over a wide range of glycine concentrations to determine populations,
sizes and structures of mesoscale clusters as a function of glycine con-
centration in aqueous solutions.

2. Experimental methods

2.1. Materials

All chemicals and solvents were of laboratory reagent grade and
used without further purification: Glycine puriss.≥ 99.0%, NT (Fluka),
3-(trimethylsilyl)-2-propionic acid-d4 sodium salt (TSP_d4)
puriss.≥ 97.0% (Sigma Aldrich), Deuterium Oxide isotopic purity
99.9% (Alfa Aesar). Deionized water was supplied from an in-house
Millipore Water System, 18MΩ/cm and was further filtered using

either 0.1 μm (Whatman Cat No 6784-1301) or 1 μm (Whatman Cat.
No. 6784-2510) PTFE syringe filters for the preparation of solutions.
Concentrations are shown as mg/g and refer to mg of glycine present in
g of water.

2.2. Solutions preparation

Aqueous solutions of glycine were prepared by introducing a
weighed amount of solid glycine into a known volume of filtered (via
PTFE syringe filter) deionized water present in a glass vial with a screw-
on cap. Sample solutions were prepared by magnetic stirring for 16 to
24 h within an incubator (constant temperature of 55 °C), with con-
centrations ranging from 1 to 230mg/g. Prior to analysis samples were
filtered using either 0.1 μm or 1 μm PTFE syringe filters, unless stated
otherwise. All syringes, filters, cuvettes and tubes were preheated in the
incubator at 55 °C, to avoid premature cooling of the solution during
filtering and transfer. NTA and DLS sample cells were preheated to
50–55 °C before the solution was introduced into them and then left to
cool to room temperature (18–25 °C), after which they were allowed to
equilibrate at room temperature for at least 5 min prior to data col-
lection. Analysis of results required viscosity values of the solvent, and
the values used were that of water at the specific analysis temperature,
unless stated otherwise. The concentrations used were below the solu-
bility limit of glycine in water, 249.9 mg/g at 25 °C [51], in order to
avoid glycine crystallisation.

2.3. Dynamic light scattering (DLS)

DLS measurements were carried out using an ALV/LSE- 5004 in-
strument, equipped with temperature control at a scattering angle of
θ=90° and a laser light wavelength of λ =632.8 nm. DLS is a well-
established experimental technique for studying nanoscale particles in
dispersions. By measuring the time-dependent fluctuations of scattered
light intensity, arising from Brownian motion, average diffusion coef-
ficients and corresponding hydrodynamic radii can be inferred.
Specifically, from the analysis of a measured autocorrelation function
the diffusion coefficient of the clusters present was estimated using
cumulant analysis [52], and from there the Stokes-Einstein equation
was used to derive the hydrodynamic radii, Rh. For DLS measurements,
original concentrated solutions were prepared as described above and
solutions at lower concentrations were obtained via dilutions of the
original solution using filtered Millipore water. Both diluted and ori-
ginal solutions were kept in the incubator at 55 °C, and all DLS mea-
surements were performed between 24 h and 48 h hours after solution
preparation. The scattered intensity measured by DLS is shown here in
the form of the normalised count rate, NCR, (a.u.), calculated via
multiplying the average count rate (kcps) by 106 and dividing by the
recorded monitor diode value, corresponding to the incident beam in-
tensity.

2.4. Nanoparticle tracking analysis (NTA)

Size distribution and number concentrations of mesoscale clusters
were determined using a Nanosight LM10 instrument with a tempera-
ture control unit. Nanosight NTA 3 software was used to analyse videos
and calculate the size and concentration of clusters. The camera settings
of the instrument were set to the ‘Autosettings’ option, to allow the
software to optimize the shutter and gain settings. The sample was
introduced into the viewing unit and images of patterns of the laser
light scattered by diffusing objects was captured by a CCD camera at-
tached to a microscope. A video was recorded and processed, with each
observed individual object ‘tracked’ by the nanoparticle tracking ana-
lysis (NTA) software. Each video was recorded for 60 s and the pro-
cessing parameters of brightness and gain were optimized by the soft-
ware. Particle size was calculated from the Brownian motion analysis,
whereas the diffusion coefficient was calculated from the mean squared
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displacement of the particle tracked. The calculated diffusion coeffi-
cient was subsequently substituted into the Stokes-Einstein equation in
order to obtain hydrodynamic radii of individual objects tracked.
Estimation of the particle concentration was based on the particle count
in the illuminated volume (5.125× 104 μm3) calculated from the di-
mensions of the field of view (at a magnification of 20x). The total
particle count refers to the summation of the particle count up to and
including a radius of 250 nm. It has been reported that particle con-
centration measurements are subject to a variation of up to 25% be-
tween identical samples [53].

2.5. Nuclear magnetic resonance (NMR)

Measurements of glycine aqueous solutions were carried out within
a Bruker 400MHz, AV400 Instrument using 16 scans and a relaxation
delay of 10 s. The aqueous medium used consisted of a 7:3 H2O:D2O w/
w ratio. All NMR experiments were conducted using a double coaxial
tube system to allow absolute measurement of the glycine concentra-
tion: the main sample tube was a Norell 400MHz, 5mm diameter, 7″
length NMR tube, whereas the internal reference tube was a Wilmad
coaxial insert, stem L32mm. This setup provided for a sample capacity
of 530 μl, and reference capacity of 60 μl. 1 mM of 3-(trimethylsilyl)-2-
propionic acid-d4 sodium salt (TSP_d4) in deuterium oxide was used to
provide the internal reference concentration. 1H NMR Diffusion
Ordered Spectroscopy (DOSY) measurements were performed at 27 °C
(300 K) and results obtained were used for determination of diffusion
coefficients of species within the glycine solutions.

2.6. Small angle X-ray scattering (SAXS)

Small angle X-ray scattering measurements were carried out at the
SWING beamline at the SOLEIL synchrotron source in Gif-sur-Yvette,
France. Aqueous solutions of glycine (ranging from 10mg/g to 230mg/
g) were prepared at 55 °C and filtered using PTFE 0.1 μm syringe filters.
The solutions were injected into a thermostated automatic sample
changer and cooled and equilibrated for 5min at 25 °C. A selected
sample would then be automatically passed through a thermostated
capillary for exposure to X-ray radiation and detection of scattered in-
tensity patterns. The beam energy was 8 keV and the sample-detector
distance was 2.227m, accessing a Q value range between 0.001 Å−1

and 0.17 Å−1. Five measurements of a single sample were recorded
with an exposure time of 1 s each and 2 s delay time, checked for re-
peatability and then averaged. The PCCD 170,170 (AVIEX) 2D-detector
was present in a vacuum chamber equipped with a pumping system to
obtain a primary vacuum of 10-6 bar. The vacuum achieved allowed for
lower angles to be reached and also reduced the probability of inter-
ference from scattering from air molecules. The same measurement
procedure was used for pure water samples. The integration and pro-
cessing of the scattering data was carried out by using the software
provided at the beamline.

3. Results and discussion

Following is a report and discussion on the results obtained from
Dynamic Light Scattering (DLS), Nanoparticle Tracking Analysis (NTA),
Small Angle X-ray Scattering (SAXS), and Nuclear Magnetic Resonance
with Diffusion Ordered Spectroscopy (NMR-DOSY) of glycine aqueous
solutions within a wide range of glycine concentrations (1–230mg/g).
These solutions were undersaturated with respect to the solubility limit
of solid glycine and showed the presence of molecular scale as well as
mesoscale clusters across all concentrations investigated. What is re-
ported here is an investigation into the population, size, and structure
of the clusters.

3.1. DLS measurements

DLS measurement provide us with time averaged scattered in-
tensities and intensity averaged autocorrelation functions, from which
mean hydrodynamic radii (Rh) can be estimated using cumulant ana-
lysis [52]. The autocorrelation functions measured clearly showed two
characteristic decay times (supplementary info, figures S1 & S2), cor-
responding to a bimodal distribution of species present in glycine
aqueous solutions. For filtered solutions, characteristic times of the first
decay appeared at times below 0.005ms, corresponding to molecular
clusters, while the second decay appeared at characteristic times over
1ms, corresponding to mesoscale clusters.

Fig. 1 depicts results from DLS measurements in terms of the mean

Fig. 1. Hydrodynamic radius Rh (nm) of mesoclusters (a) and molecular clus-
ters (b), and the mean scattered intensity (c) versus the concentration of aqu-
eous glycine solutions. Solutions were either filtered with 1 μm PTFE filters
prior to DLS mesurements (black squares), or not filtered at all (red circles).
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hydrodynamic radius of mesoscale clusters (Fig. 1a) and molecular
clusters (Fig. 1b), as well as the normalised scattered intensity (Fig. 1c).
Two sets of solutions were investigated, with one set using the original
concentrated solution unfiltered, and the other set filtering the solution.

The mean mesocluster radius is between 100 and 150 nm, with a
slight upward trend at larger glycine concentrations above 150mg/g
(Fig. 1a). At lower glycine concentrations below 50mg/g there is a
larger uncertainty in estimated values as the signal to noise ratio de-
creases with decreasing concentrations. It can be also seen that un-
filtered solutions seem to have somewhat larger mean radii, although
these differences are marginal given the accuracy of these estimates, as
indicated by the error bars in Fig. 1a. It is interesting to note that the
mean size of the mesoclusters varies very little over the whole range of
concentrations (1–230mg/g), which is similar to what was previously
observed in DL-alanine aqueous solutions [17].

The mean molecular cluster radius (Fig.1b) for unfiltered solutions
varies between 0.3 and 0.5 nm and it increases with increasing glycine
concentrations. For unfiltered solutions the mean sizes of molecular
clusters seem to be higher but there are large uncertainties in estimated
values for lower concentrations up to 100mg/g but the difference from
filtered solutions does not seem to be significant given the errors bars in
Fig. 1b. As a radius of the glycine molecule is reported to be 0.28 nm
[54], the mean hydrodynamic radius of molecular clusters observed at
lower glycine concentrations is in fact consistent with hydrated glycine
monomers. As glycine concentration increases, the reversible formation
of hydrogen-bonded glycine dimers is increasingly driven by the mass
action principle; it was estimated that about 10% of glycine is in the
form of a dimer at the highest concentration considered here [55]. The
hydrodynamic radius of the glycine dimer is, obviously, larger than that
of the glycine monomer. The mean hydrodynamic radius, as measured
by DLS, is weighted proportionally to its scattering intensity. This, in
turn, is proportional to the cluster mass squared [56,57], which is 4
times that of the monomer. It is therefore expected that the mean hy-
drodynamic radius of molecular clusters would increase with increasing
glycine concentration.

The normalised scattered intensity measured by DLS for filtered and
unfiltered solutions is shown in Fig. 1c. A horizontal dashed line shows
the background scattered intensity value corresponding to pure water.
It can be seen for filtered solutions the scattered intensity increases
linearly with glycine concentration between 1 and 230mg/g. This is
different from what was observed in DL-alanine solutions where there
appeared to be a critical clustering concentration indicated by a sharp
drop off in the scattered intensity at concentrations between 10 and
40mg/g [17]. However, in glycine solutions the scattered intensity
gradually increased across the whole range of concentrations.

The scattered intensity of unfiltered solutions is significantly higher
than that of filtered solutions, which means the scattering objects are in
greater concentration, and/or they are larger (and thus scattering more
strongly) than in filtered solutions. As filter pore sizes (1 μm) are larger
than the mean mesoscale cluster diameters, filtration may remove a few
very large clusters or break them apart into smaller ones. It may also be
that some clusters smaller than the nominal filter pore size become
trapped by filters due to their distribution of pore sizes and thus the
cluster number concentration is reduced in filtered solutions.

Filtered solutions were also used to create another set of solutions to
assess filtration effects: the filtered solutions were either transferred
directly into DLS cells without further filtration or filtered into DLS cells
using 1 μm PTFE filters (double filtered solutions – supplementary info,
Figure S3). Both filtered and double-filtered solutions exhibit similar
behaviour, in terms of mean hydrodynamic radii of mesoclusters and
molecular clusters, as well as the normalised scattered intensity.

This demonstrated that repeated filtration does not change either
size or population of clusters in glycine solutions at a given con-
centration, although it cannot be ruled out that filtration may disrupt
the equilibrium distribution of clusters which then quickly reform
under these conditions.

3.2. NTA measurements

NTA measurements provide us with estimated number concentra-
tions of detected objects and corresponding number-based distribution
of hydrodynamic radii of individual objects.

What should be noted here is that the range of the sizes that can be
analysed using NTA is reported to be from around 20 nm up to 1 μm
(depending on optical contrast material and solvent type), thus pre-
cluding the detection of molecular clusters.

Fig. 2 shows the hydrodynamic radius distribution of mesoclusters
for unfiltered and filtered glycine solutions of varying concentrations.
From these distributions it is evident that while the mode size is similar
between 60 and 80 nm for all glycine concentrations, distributions be-
come significantly broader with increasing glycine concentration, with
the distribution tail extending towards 250 nm. A comparison of mean
hydrodynamic radii of mesoclusters measured by NTA and those mea-
sured by DLS is shown in Fig. 3.

While the NTA mean hydrodynamic radius is the number based
average, the DLS mean hydrodynamic radius reports the intensity-
weighted average [56,57]. The latter is more sensitive towards larger
objects, which are weighted proportionally to their mass squared. The
intensity weighted average is higher than the number based average
unless all objects have the same size, which is not the case here (Fig. 2),
and therefore the DLS mean hydrodynamic radius is expected to be
higher than the NTA mean hydrodynamic radius as seen in Fig. 3.
Furthermore, a small number of large objects would be hardly detected
by NTA, which is a technique that provides number-based size

Fig. 2. Number based hydrodynamic radius distributions of mesoscale clusters
for selected unfiltered and filtered solutions from NTA measurements.

Fig. 3. The total particle count from NTA (black squares) with the overall
scattered intensity as obtained using DLS (red circles) for aqueous glycine so-
lutions of different concentrations. DLS results are plotted for filtered (filled
symbols) and non-filtered (open symbols) samples.
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distributions via tracking individual objects, while there may, by
comparison, be a significant effect on DLS intensity and mean size. This
may explain why there is minimal difference between NTA measure-
ments of filtered and unfiltered solutions compared to DLS measure-
ments (Fig. 4 and 5).

In Fig. 3, the scattered intensity measured via DLS is compared to
the total number concentration measured via NTA for filtered and un-
filtered solutions. The total number concentration increases with gly-
cine concentration, indicating that the scatterer population increases
with concentration. The increase in scatterer population is further
supported by the fact that for both filtered and unfiltered solutions of
the same concentration, the overall particle counts are similar.

3.3. NMR measurements

1H NMR-DOSY measurements provide us with values of diffusion
coefficients for species detected by 1H NMR. Measurements were per-
formed with aqueous solutions of glycine at concentrations between
10.2 mg/g and 206mg/g which correspond to undersaturated condi-
tions in both H2O and D2O [58]. The measured diffusion coefficients
were similar to those measured in aqueous (H2O) glycine solutions by
Huang et al [55]. The mean hydrodynamic radii of glycine molecular
clusters were calculated using the Stokes-Einstein equation and the
diffusion coefficient values obtained from DOSY (Table 1), with the
viscosity taken as that of a 7:3 H2O:D2O w/w mixture at 300 K

(η=0.91051 cp @ 300 K), with the D2O viscosity (η=1.0447 cp at
300 K) determined from values in Millero et al [59] and the H2O visc-
osity η=0, 1.0016 cp at 300 K. From these calculations the hydro-
dynamic radius was found to vary from 0.241 to 0.345 nm (Table 1 and
Fig. 7). Of importance to note is that the mean hydrodynamic radius
obtained from NMR-DOSY measurements is a number-based average
and when multiple species contribute to the same signal, the NMR
signal intensity is proportional to the number of nuclei with the same
chemical shift. For example, if a signal comes from both glycine
monomer and dimer, it would be proportional to the total number of
glycine molecules contained in all monomers and dimers per unit vo-
lume.

3.4. SAXS measurements

SAXS measurements provide us with angle dependent scattered in-
tensities I(Q), where the angular dependence is presented in terms of
the scattering vector Q = (4π/λ)sin(θ/2), where λ is the beam wave-
length and θ is the scattering angle. By recording the elastic scattering
of X-rays at low angles, SAXS allows for the acquisition of information
about the size and structures of species within a sample that presents
inhomogeneities in the nm range. I(Q) data can be analysed to obtain
the mean radius of gyration as well as structural information by fitting
data with appropriate theoretical form factors.

SAXS measurements were performed with glycine aqueous solutions
at concentrations ranging from 10 to 230mg/g, filtered using 0.1 μm
PTFE syringe filters. All SAXS results presented in this work are water
background subtracted. SAXS results confirm the presence of small
molecular clusters (high Q value) and large mesoscale clusters (low Q
value) in undersaturated glycine solutions (Fig. 6), consistent with
previous observations from supersaturated glycine solutions [8,12].
This is also in line with results obtained via DLS discussed above.

Guinier analysis was performed in the Q range 0.041-0.29 Å−1 (for
high Q measurements – see supplementary info). The linear plots are
produced by plotting the logarithm of I(Q) against the Q2, based on the
known equation: :

= −I Q Io
R

Qln[ ( )] ln[ ]
3

g
2

2
(1)

From the linear fit the mean radius of gyration (Rg) for the mole-
cular clusters can be estimated. Fig. 7 shows these radii together with
intensities I(Q) for Q=0.05 (approximating a low Q limit of the scat-
tering intensity for molecular clusters scattering at high Q values) as a
function of glycine concentration. The radii are similar to the value
from a more concentrated glycine solution (3.6M) where the mean
radius of gyration was reported as 0.34 nm [12]. What must be noted is
that for a glycine monomer and dimer, Rg is expected to be around
0.29-0.3 nm and 0.37-0.4 nm, respectively [12].

Fig. 5 shows the mean radii of gyration of molecular clusters ob-
tained from SAXS compared with the respective mean hydrodynamic
radii of molecular clusters obtained from DLS and from NMR-DOSY.
The radius of gyration is defined as the root mean square of distance
from the centre of mass, and is thus expected to be lower than the
hydrodynamic radius (for example for a sphere the ratio between the

Fig. 4. Mean hydrodynamic radius vs aqueous glycine solution concentration,
as measured via NTA (square, black), and DLS (circle, red). Filled symbols re-
present filtered solutions and open symbols unfiltered solutions. NTA and DLS
measurements here were performed on the same day.

Fig. 5. Radius of gyration Rg from SAXS (red circles) compared to molecular
cluster hydrodynamic radius Rh from DLS (black squares) and NMR (grey dia-
monds) data, for filtered solutions.

Table 1
Diffusion coefficients from DOSY NMR and calculated hydrodynamic diameters
for molecular clusters present in aqueous glycine solutions of varying con-
centrations at 300 K.

concentration
(mg/g)

diffusion coefficient x 1010 (m2/s) Hydrodynamic radius
(nm)

206.7 7.0 0.345
82.4 8.96 0.269
42.6 9.42 0.256
10.2 10.0 0.241
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two is (3/5)1/2= 0.77). In terms of averaging over multiple species
present, the mean radius of gyration is based on species contributions
weighted by the species mass squared, similarly to the mean hydro-
dynamic radius from DLS [56,57]. On the other hand, the mean hy-
drodynamic radius from NMR-DOSY is based on the species contribu-
tions weighted by the number of atoms, i.e., the species mass.
Therefore, if only one species is contributing, the mean hydrodynamic

radius from DLS and NMR should be close to each other, as is seen at
low glycine concentration, where glycine dimers are barely present. As
glycine concentration increases and more glycine dimers are formed,
the DLS values become higher than the NMR-DOSY values as expected.
However, results from SAXS are not consistent with DLS and NMR:
while the radius of gyration should be lower than the hydrodynamic
radius, it should also increase with increasing glycine concentration due
to more dimers forming, however this is not the case. In fact, the radius
of gyration from SAXS seems to be close to that expected for the
monomer, and at the lowest glycine concentration (10mg/g) it appears
to be too high. This outlier value, however, is subject to significant
uncertainty, as can be seen in Fig. 7. In addition, correlations between
solute molecule positions can lead to intermolecular interactions which,
in turn, induce structure effects, expressed in terms of a structure factor
S(Q) [60]. As such there are variations in the observed scattering in-
tensity, I(Q)=S(Q)P(Q), with S(Q) increasingly departing from unity
with increasing glycine concentration, thus affecting the apparent radii
of gyration estimated from I(Q) data.

SAXS intensity I(Q) corresponding to various structural models was
calculated by using experimentally measured size distribution of me-
soclusters obtained from NTA, for the entire ensemble of mesoclusters
and for the full range of concentrations of analysed glycine solutions.
Fig. 8 shows how the mesocluster scattering intensity was obtained
from the experimental I(Q) data. The signal relating to mesoclusters
(grey solid line) was obtained by subtracting the SAXS intensity at low
Q values (signal from both mesoclusters and molecular clusters, ex-
perimental data, black solid line) from those at high Q values (signal
from molecular clusters, grey dashed line). The specific mesocluster
intensity signal is denoted here as I(Q)o oand defined as the intensity
value for the best fit df at Q(Å−1)= 1×10-5 minus the intensity value
of the high Q plateau region value (Table 2 and straight dashed line as
seen in Fig. 8). Results for calculated I(Q)o values for the various con-
centrations of aqueous glycine solutions measured via SAXS can be
found in Table 2. Differences in the I(Q)o values obtained from high and
low Q measurements are mostly due to the fitting of the extrapolation
towards Q(Å−1)= 1×10-5. The trend, however, is the same in both
cases, with the I(Q)o value decreasing with concentration. The excep-
tion here is the value at 230mg/g, which was calculated using data
from unfiltered NTA results, whereas the remaining data were calcu-
lated using NTA data from filtered solutions.

Fig. 8 also shows an example of the calculated scattering intensity
for both a smooth sphere and a mass fractal model, for a 100mg/g

Fig. 6. Variation of scattering intensity I(Q) versus the momentum transfer
Q=4π/λ sin(θ/2) for various concentrations of filtered (0.1 μm PTFE) aqueous
glycine solutions. Curves respond from top to bottom to decreasing glycine
concentration.
(a) low Q measurement, (b) high Q measurements.

Fig. 7. Variation in SAXS scattering intensity (blacksquares) and radius of
gyration Rg (red circles) at Q=0.05 Å−1 (high Q measurements), over a con-
centration range of aqueous glycine solutions.

Fig. 8. SAXS experimental data (grey solid line) for a 230mg/g aqueous glycine
solution, plotted with best fits using smooth sphere model (dotted brown line)
and the mass fractal model for varying fractal dimension (coloured solid lines),
with the best fit being obtained for df= 2.5. Included in the plot is the scat-
tering from mesoscale clusters (black solid line), as determined after subtrac-
tion of the high Q plateau region (dashed grey line) from the low Q region. The
slope of the fractal form fit increases with increasing fractal dimension.
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glycine aqueous solution. The form factor for a smooth sphere with
radius R is given by the following equation:

= ⎡
⎣⎢

− ⎤
⎦⎥

P Q QR QR QR
QR

( ) 3 ( ) (( )cos( ))
( )3

2

(2)

This model does not have any adjustable parameters and gave a
poor fit to the SAXS data, as the slope in the power law region was
much less -4, the value expected for smooth spheres. In order to better
describe potential cluster structures, an exponential form factor is
considered for a mass fractal with radius R and fractal dimension df,
given by [31]:

=
−

− +

−

−
P Q
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d Qξ Q ξ
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1
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where ξ is the cut off, defined as:

=
+

ξ R
d d

2
( 1)f f

2
2

(4)

The individual cluster structure factors obtained via intensity-
weighted averaging are used in the fractal fit, which was performed
using the dimensionless average structure factor [61] employed for
experimental data obtained via dynamic and static light scattering:

=
∑

P Q
P Q N m

N m
( )

( )i i i

i i

2

2 (5)

where =m Ri i
df is the mass of a cluster with radius Ri, P(Q)i is the

corresponding form factor obtained from Eq. 3 and Ni is the cluster
number concentration obtained from NTA. The only adjustable para-
meter in this model is the cluster mass fractal dimension df (cf. Fig. 8).

Overall best fit results for SAXS data obtained for high and low Q
data are shown in Table 2, resulting in estimated fractal dimensions
between 2.2 and 2.5 for all glycine concentrations where suitable data
were available. SAXS data for the lowest glycine concentrations
(10mg/g) were too noisy within the low Q region and as such it was not
possible to estimate any properties of mescoscale clusters from SAXS
data at these low concentrations.

Fractal clusters have been widely observed in colloidal and bio-
molecular solutions [62,63]. A fractal dimension of around 2.5 corre-
sponds to fairly compact domains with irregular surfaces and are ty-
pical for percolation clusters, while lower fractal dimensions around 2.2
indicate more open structures. This range of fractal dimension indicates
that percolation and/or reversible aggregation or restructuring [62]
may be responsible for the formation of mesoscale clusters in under-
saturated glycine solutions. Higher fractal dimensions of around 2.7,
corresponding to more compact, denser structures, were previously
estimated for mesoscale clusters in supersaturated glycine solutions [4].

4. Conclusions

Results shown in this work reveal that undersaturated glycine

aqueous solutions are mesostructrured liquid phases where hydrated
glycine monomer and dimers (molecular clusters) are present alongside
mesoscale clusters with radii in the colloidal domain (100–150 nm)
across a wide range of glycine concentrations (1–230mg/g).

Molecular clusters were detected by three complementary experi-
mental methods: DLS, NMR-DOSY and SAXS. Mean hydrodynamic radii
of molecular clusters increase with glycine concentration due to an
increasing fraction of glycine present in hydrogen-bonded glycine di-
mers, as shown by both DLS and NMR-DOSY measurements.
Surprisingly, the mean radii of gyration from SAXS were found to be
independent of glycine concentration, and this discrepancy from the
other two methods currently remains unexplained.

Mesoscale clusters were also detected by three separate experi-
mental methods: DLS, NTA and SAXS. Mean hydrodynamic radii of
mesoscale clusters were measured by both DLS and NTA, but NTA also
provided their cluster size distribution and number concentrations.
While mean hydrodynamic radii of mesoscale clusters varied very little
with glycine concentrations, their size distributions extended sig-
nificantly towards larger sizes with increasing glycine concentrations.

Using size distributions and concentrations from NTA measure-
ments, and assuming the mesoscale clusters have mass fractal-like
structure, a structural model was developed to fit SAXS data with a
single adjustable parameter: the cluster fractal dimension. Using this
model fractal dimensions of mesoscale clusters were estimated across a
range of glycine concentrations (50–230mg/g).

Demonstrated in this work is how multiple experimental techniques
can be used in conjunction to provide quantitative insights into phase
behaviour and properties of mesostructured liquid phases. Self-as-
sembly and nucleation is critically dependent on local compositional
and structural heterogeneities within solutions. Developing better ex-
perimental and theoretical understanding of complex clustering phe-
nomena in solutions of small molecules is, thus, crucial for further
development of rational design and the control of self-assembly and
nucleation processes.
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