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Construction of Ternary Phase Diagrams: Application of
Quantitative NMR.
Richard Telford, Whitney Obule, Colin C. Seaton*.

School of Chemistry and Biosciences, University of Bradford, Bradford, UK, BD7 1DP

ABSTRACT: The growth of co-crystalline phases continues to expand as a key area of crystal engineering research.
Understanding the phase behavior of the material and controlling the crystalline form of the material from a solution-based route
can be aided by the construction of a ternary phase diagram for the system. A range of methods exist for this process which display
a variety of costs and time to achieve the final diagram. The application of quantitative NMR (qNMR) to this problem offers a fast
analysis method to directly determine the solution composition of all species (co-formers and solvent) and is demonstrated to
successfully allow the construction of ternary diagrams with and without co-crystal phase being formed for systems with high and
low solubility.

Introduction
The creation of multi-component crystals (MCCs) such as

co-crystals and salts is a topic of active research in many fields
of science and engineering as a route to new solid materials or
for the modification of physicochemical properties of existing
compounds.1 Areas of interest include pharmaceuticals,2,3
agrochemicals4 and high energy materials.5 While the creation
of new phases has been repeatedly demonstrated, the
controlled design and formation of desirable materials is still a
key objective for crystal engineering research. MCCs can be
created through solid-state (such as mechanochemical or
extrusion routes) or solution-based methods. While solid-state
methods offer quick screening and production of materials,
solution growth is an industrial standard preparative route and
can be used to create a range of crystal sizes and shapes. A key
tool for the design of solution-based co-crystallization is the
ternary phase diagram6 giving the thermodynamically stable
phases for a given temperature. Changes to the solvent choice
can alter the location and size of stable phases. For example,
the caffeine-maleic acid system in acetone7 shows a
submerged region for the 2:1 co-crystal, which is only
accessible through solvent-drop mechanochemical routes.
However, changing the solvent to ethyl acetate shifts the size
of this region, allowing for the solution growth of the 2:1 co-
crystal.8 Despite the advantages in utilizing ternary phase
diagrams, they are time-consuming to produce by common
methods such as gravimetric or HPLC analysis especially if
multiple diagrams at different temperatures are required.9-12
Therefore the development of alternative routes to accelerate
the process are still being investigated.13 This work reports on
the development of a methodology based on a solution
quantitative NMR (qNMR) method.
Quantitative NMR has long been used as a means to obtain

quantitative data, and the trend in the last 20 years has
continued to grow rapidly.14,15 The approach can have
significant advantages in terms of simplicity of operation,

workflow characteristics and absolute accuracy and precision
compared to conventional approaches such as
chromatographic methods.16 The method offers the potential to
quantify substances in the absence of primary analytical
standards of the same compound(s) and with sufficient
resolution can cover the quantitation of several compounds in
the same experiment. Proton (1H) experiments are by far the
most common, covering most chemical compounds, although
the use of other nuclei such as 19F and 31P can be applied
successfully for molecules that contain them. Calibration is
performed by inclusion of a reference compound of known
purity, though this does not have to be the same entity as the
analyte(s) of interest. The reference compounds are included
in the analysis either by adding directly to the analytical
solution (internal referencing) or holding in a separate
chamber to the analyte using co-axial inserts in the NMR tube
setup (external referencing). Electronic reference to access in-
vivo concentration (ERETIC) can also be used. The
experiments are simple to setup, and with a few preliminary
measurements taken (e.g. assessing T1 relaxation) can be
established very quickly, resulting in rapid, accurate and
precise assay methods. These methods therefore offer an
alternative route in the construction of ternary phase diagrams
for the quantification of species present either by determining
the solid composition of an evaporated aliquot similarly to
gravimetric analysis or by direct measurement of all
components (e.g. solutes and solvent) in an extracted aliquot
sample. This work has investigated both approaches to
confirm the consistency of the two methods.
Co-crystals between benzamide (BZA) and substituted

benzoic acids have been investigated as model systems to
understand to role of intermolecular interaction strength on the
potential for co-crystal formation.17 While binary phase
diagrams and solution growth experiments have indicated that
no co-crystal forms between BZA and benzoic acid (BA),18,19
recently a ternary phase diagram has been published
suggesting the existence of a co-crystal phase.20 It may be



possible that the stability of the co-crystal phase is temperature
dependent and so different outcomes could be observed at the
different temperatures of collection. However, the reported
melting point of the co-crystal phase (353 K) matches the
previously reported eutectic melting point for the system (354
K) and there are number of matching PXRD peaks with the
pure phases. While the crystal morphology differs from the
pure starting materials, morphology modification of
benzamide through addition of benzoic acid is a well-known
occurrence.21 It is also noted that the reported mass fraction
solubility for pure benzoic acid in ethanol is 0.5189,
significantly higher than previously reported values (0.377),22
which may indicate some issues with the construction. Thus, it
was decided to re-determine the phase diagram to clarify this
situation. In addition, the systems between BZA and 3,5-
dinitrobenzoic acid (35DNBA) and 4-(dimethylamino)benzoic
acid (4DMABA) were also investigated to confirm the
effectiveness of the proposed method in the case of a known
co-crystal (35DNBA:BZA) and in the case of a system with
low solubility (4DMBA:BZA).

Methodology
Phase Diagram Construction
Samples of the selected pairs were equilibrated at 30 °C in

water bath for 72 hours. The initial compositions of the
samples are given in Tables 1 – 3 and were selected based on
the solubility of the pure phases at 30 °C.
Initial studies determined the solvent composition through a

gravimetric method and the composition of the resulting solid
by qNMR. Aliquots (2 cm3) were extracted for each sample,
placed in a clean weighed sample vial. The mass of the
solution was recorded and then left to evaporate to dryness and
the mass remeasured to give the mass of solvent and total
solute present. As portion of dry sample was then dissolved in
d6-DMSO and the 1H NMR data collected with parameters
determined to be quantitative (i.e. the same conditions
developed for the qNMR summarized in the next section).
From the integrals of the NMR resonances of BA and BZA the
relative compositions of the solids were determined.
For full qNMR analysis, a similar approach was taken,

though now 0.5 cm3 aliquots were extracted and diluted
directly in 0.5 cm3 d6-DMSO containing a known
concentration of certified analytical grade maleic acid
(TraceCERT, Merck, Germany) as an internal reference. The
1H qNMR data were acquired and from the integrals of the
reference, the BA / BZA and solvent (MeOH) resonances, the
absolute composition of the equilibrated solutions were
determined.
Table 1. Initial Compositions of BZA/BA Solutions.

Solid Composition
(BA mass fraction)

Mass of
BA/g

Mass of
BZA/g

Volume of
MeOH/cm3

0.95 4.50 0.25 7
0.9 4.50 0.50 7
0.8 4.41 1.13 7
0.7 4.50 1.93 7
0.65 4.50 2.25 7
0.6 3.75 2.51 7
0.55 2.95 2.50 7

0.5 2.51 2.50 7
0.4 1.70 2.50 7
0.3 1.07 2.50 7
0.2 0.63 2.51 7
0.1 0.28 2.51 7
Table 2. Initial Compositions of BZA/35DNBA solutions.

Solid Composition
(35DNBA mass
fraction)

Mass of
35DNBA/g

Mass of
BZA/g

Volume of
MeOH/cm3

0.9 1.80 0.2 7
0.8 1.80 0.45 7
0.7 1.80 0.78 7
0.6 1.80 1.20 7
0.55 1.80 1.50 7
0.5 1.80 1.80 7
0.44 2.00 2.50 7
0.4 1.67 2.50 7
0.375 1.50 2.50 7
0.345 1.30 2.50 7
0.31 1.10 2.50 7
0.3 1.07 2.50 7
0.2 0.63 2.50 7
0.1 0.28 2.50 7

Table 3. Initial Compositions for BZA/4DMABA Solutions.

Solid Composition
(4DMABA mass
fraction)

Mass of
4DMABA/g

Mass of
BZA/g

Volume of
MeOH/cm3

0.9 0.3504 0.02 20
0.8 0.3501 0.04 20
0.7 0.3502 0.09 20
0.6 0.3498 0.15 20
0.5 0.3504 0.23 20
0.4 0.3498 0.35 20
0.3 0.3502 0.53 20
0.2 0.3498 0.82 20
0.1 0.3499 3.15 20
0.03 0.2202 7.00 20
0.015 0.11 7.00 20
0.007 0.05 7.00 20
0.001 0.01 7.00 20
0.0001 0.001 7.00 20

Solution NMR
Prepared samples diluted 1:1 in d6-DMSO containing a

known concentration of containing a known concentration of
certified analytical grade maleic acid (TraceCERT, Merck,
Germany) as an internal reference were transferred to field



matched 5 mm NMR tubes (Wilmad, USA). The samples were
inserted into a Bruker 400 MHz Avance III NMR equipped
with a 5 mm solution SMART probe. Automated procedures
were used to lock, tune, shim and establish receiver gain,
before acquiring 16 scan 1H spectra using a calibrated 90°
pulse and a 70 second relaxation delay (T1 relaxation delays
had previously been determined for the analytes, solvent and
internal reference in d6-DMSO). The samples remained
unspun. Data manipulation was performed in TopSpin v. 3.0.7
(Bruker, Germany).

Powder X-ray Diffraction
To confirm the form of solid present in different regions of

the phase diagram, selected compositions in the identified
regions of the constructed phase diagram were created (Table
4), equilibrated at 30 °C for 1 day. The solids were extracted
and PXRD data was collected using a Bruker D8
diffractometer using a Cu K X-ray source ( = 1.5418 Å) and
a Lynxeye strip detector.

Table 4. Compositions of samples used for solid phase
identification.

Sample Mass of
BA/
35DNBA/
4DMABA/g

Mass of BZA/g Volume of
MeOH/cm3

BA-BZA-1 6.48 1.75 7
BA-BZA-2 5.89 2.34 7
BA-BZA-3 5.30 2.92 7
BA-BZA-4 4.71 3.51 7
BA-BZA-5 4.13 4.09 7

35DNBA-BZA-1 5.53 2.10 7

35DNBA-BZA-2 4.61 2.63 7

35DNBA-BZA-3 3.69 3.16 7

35DNBA-BZA-4 2.77 3.68 7

35DNBA-BZA-5 1.84 4.21 7

4-DMABA-BZA-1 1.01 2.97 7

4-DMABA-BZA-2 0.68 3.22 7

4-DMABA-BZA-3 0.34 3.47 7

4-DMABA-BZA-4 0.17 3.59 7

4-DMABA-BZA-5 0.03 3.69 7

Results and Discussion
NMR methodology
For each of the qNMR spectra obtained, the phasing and

baseline correction was applied manually to avoid any errors
obtained through automated procedures. Integration of the
maleic acid internal reference, (2H, 6.27 ppm δ), BA (2H, 7.98
ppm δ), BZA (2H, 7.89 ppm δ) and methanol (3H, 3.24 ppm δ)
were performed manually, avoiding 13C satellite peaks in all
cases for consistency. The peak areas were used to calculate
the concentration of BA, BZA and MeOH with reference to
the maleic acid internal reference. The values calculated for all

the systems under study are presented in the supporting
information.
A representative 1H NMR spectrum is presented in Figure 1

annotated to show the maleic acid, BA, BZA and MeOH
resonances used in the calculation of the concentrations for
each of the equilibrated systems that are used to construct the
phase diagrams.

Figure 1. A representative 1H qNMR spectrum used in calculation
of the concentrations of BA (7.98 ppm δ), BZA (7.89 ppm δ) and
methanol (3.24 ppm δ) with reference to maleic acid (6.27 ppm δ)

Benzamide-Benzoic Acid-Methanol Phase Diagram
The obtained phase diagram shows good agreement

between the points determined by either methodology (Figure
2) and indicates a single eutectic point with no co-crystal
formation.

Figure 2. Constructed phase diagram for BA-BZA-MeOH. qNMR
determined points are shown as blue circles, gravimetrically
measured points as red circles. Compositions to determine solid
phase shown as green (BA only) and black (mixture of BA-BZA)
circles. Potential boundary lines have been added as a guide for
eye.

PXRD analysis of the solid phases at selected points,
confirmed the formation of a single eutectic system, with
sample identified as either pure BA or a mixture of BA and



BZA (Figure 3). Although the limited mass of material
obtained raised issues with the quality of the data collected.

Figure 3. PXRD patterns for (A) simulated BA, (B) experimental
data of sample BA-BZA-1, (C) experimental data of sample BA-
BZA-2, (D) experimental data of sample BA-BZA-5 and (E)
simulated pattern for BZA.

The ideal solubility curves were determined from the known
melting points and enthalpy of melting using van’t Hoff
equation. Plotting these values as well as the measured pure
species solubility (assuming no change in solubility with
increased level of the second co-former) shows a good fit to
the previously measured pure phase solubilities (Figure 4).
The reduction compared to the ideal curve shows that solvent-
solute interactions are the main contribution to deviation from
ideality.23

Figure 4. BA-BZA-MeOH phase diagram with ideal (black
dashed line) and experimental solubilities of pure phases (green
dashed line) plotted.

Benzamide-3,5-Dinitrobenzoic Acid-Methanol Phase
Diagram
The resulting ternary phase diagram obtained in this system

has the expected two invariant points and the presence the

known co-crystal phase (Figure 5), although the location of the
solubility curve is challenging to clearly identify due to the
small size of the region in this choice of solvent. There may be
some metastability in the creation of the 35DNBA-BZA
eutectic mixture and a slow conversion to the co-crystal phase
resulting in the apparent inconsistency in phases location.

Figure 5. Constructed phase diagram for 35DNBA-BZA-MeOH
system. Data determined by qNMR method are red circles,
gravimetric method are grey circles. Potential boundaries for
phase regions added as an aid for the eye.

Analysis of the solid phase in selected samples shows a
complicated mixture of phases, with many cases showing
peaks due to both starting materials as well as the co-crystal
phase (Figure 6). As this is thermodynamically not possible, it
suggests that the kinetics of the conversion to the co-crystal is
slow under the conditions studied and so the system has not
fully reached equilibrium.

Figure 6. Comparison of the PXRD patterns for (A) simulated co-
crystal phase, (B) experimental data for sample 35DNBA-BZA-1,
(C) experimental data for sample 35DNBA-BZA-2, (D)
experimental data for sample 35DNBA-BZA-3, (E) experimental
data for sample 35DNBA-BZA-4, (F) simulated pattern for BZA
and (G) simulated pattern for C2/c polymorph of 35DNBA.

Similarly to the BA-BZA-MeOH system, comparison with
extrapolated ideal and pure component solubility curves



(Figure 7) shows a close match with the measured pure
components indicating that the changes to ideality are due to
the interaction with solvent rather than between the co-crystal
species.

Figure 7. 35DNBA-BZA-MeOH phase diagram with ideal (black
dashed line) and experimental solubilities of pure phases (green
dashed line) plotted.

Benzamide/4-(Dimethylamino)benzoic acid-Methanol
Phase Diagram
The obtained ternary phase diagram (Figure 8) shows that

4DMABA is significantly insoluble under the conditions
studied giving a highly skewed diagram but only a single
invariant point is identified showing no co-crystallization
occurs.

Figure 8. Constructed phase diagram for 4DMABA-BZA-MeOH
system. Data determined by qNMR method are red circles,
gravimetric method are grey circles. Potential boundaries for
phase regions added as an aid for the eye.

PXRD analysis of solids shows samples of BZA and
4DMABA (form II) moving across the phase diagram. As the

purchased 4DMABA is the metastable form II, the continued
presence of this phase shows that the low solubility slows the
conversion of this phase to the stable form I. As the level of
4DMABA present in the initial mixture is reduced traces of
form I 4DMABA is obtained, before a pure sample of BZA is
obtained (Figure 9).

Figure 9. Comparison of the PXRD patterns for (A) simulated
form II 4DMABA, (B) experimental data for sample 4DMABA-
BZA-1, (C) experimental data for sample 4DMABA-BZA-2, (D)
experimental data for sample 4DMABA-BZA-3, (E) experimental
data for sample 4DMABA-BZA-4, (F) experimental data for
sample 4DMABA-BZA-5, (G) simulated pattern for BZA and (H)
simulated pattern for form I 4DMABA.

As before, the extrapolated measured solubility lines for the
pure phase fit to the measured solubility values (Figure 10)
again showing the deviation from ideal is due to solvent-solute
interactions.

Figure 10. 4DMABA-BZA-MeOH phase diagram with ideal
(black dashed line) and experimental solubilities of pure phases
(green dashed line) plotted.

Conclusion



The construction of ternary phase diagrams is a key step in
the design of solution-based co-crystallization routes. While a
range of methods are available for the process, they can be
time- and resource-heavy. The application of quantitative
NMR based method on small scale samples allows for direct
determination of the composition of all the compounds present
in the sample accelerating the construction process. The
methodology is successfully with both poorly and highly
soluble materials giving consistent results.
Application of the method to benzamide and substituted

benzoic acids (benzoic acid, 3,5-dinitrobenzoic acid and 4-
(dimethylamino)benzoic acid) confirm the previous results of
a solution screening process that a high level of acidity is
require for the system to co-crystallize with only co-crystal
being obtained for the 3,5-dinitrobenzoic acid system.
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SYNOPSIS TOC
The synthesis of multi-component crystals through solution growth methods is a developing methodology for the controlled
creation of new materials. To achieve reproducible solid forms, construction of a ternary phase diagram is a key stage in the
process. This work explores the advantages of applying quantitative 1H NMR to the construction process for three systems of
benzamide and substituted benzoic acids.
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