
 
 
 
 

Heriot-Watt University 
Research Gateway 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

The Plot Thickens: Gelation by Phenylalanine in Water and
DimethylSulfoxide

Citation for published version:
Nartowski, KP, Ramalhete, SM, Martin, PC, Foster, J, Heinrich, M, Eddleston, MD, Green, H, Day, GM,
Khimyak, YZ & Lloyd, GO 2017, 'The Plot Thickens: Gelation by Phenylalanine in Water and
DimethylSulfoxide', Crystal Growth and Design, vol. 17, no. 8, pp. 4100-4109.
https://doi.org/10.1021/acs.cgd.7b00213

Digital Object Identifier (DOI):
10.1021/acs.cgd.7b00213

Link:
Link to publication record in Heriot-Watt Research Portal

Document Version:
Peer reviewed version

Published In:
Crystal Growth and Design

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.

Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1021/acs.cgd.7b00213
https://doi.org/10.1021/acs.cgd.7b00213
https://researchportal.hw.ac.uk/en/publications/4f581bd2-5baf-47ec-b163-2c8b20536707


The Plot Thickens, Gelation by Phenylalanine in Water and 
Dimethyl Sulfoxide 

Karol P. Nartowski,[a] Susana M. Ramalhete,[a] Peter C. Martin,[b] Jamie S. Foster,[c] Margaux Heinrich,[c] Mark D. 

Eddleston,[b] Hayley R. Green,[c] Graeme M. Day,[d] Yaroslav Z. Khimyak[a]* and Gareth O. Lloyd[b][c]* 

 

[a] K. P. Nartowski, S. M. Ramalhete, Prof. Y. Z. Khimyak; School of Pharmacy, University of East-Anglia, 

Norwich, United Kingdom, NR4 7TJ. 

E-mail: Y.Khimyak@uea.ac.uk 

[b] Dr. G. O. Lloyd, P. C. Martin, Dr. M. D. Eddleston, Department of Chemistry, Cambridge University, 

Lensfield Road, Cambridge, United Kingdom, CB2 1EW. 

E-mail: G.O.Lloyd@hw.ac.uk 

[c] Current address for Dr. G.O. Lloyd, J. S. Foster. Institute of Chemical Sciences, School of Engineering and 

Physical Sciences, Heriot-Watt University, Edinburgh, Scotland, United Kingdom, EH14 4AS. 

[d] Prof. G. M. Day, School of Chemistry, Southampton University, Southampton, United Kingdom, SO17 

1BJ. 

 

 

 

 

 

 

 

 

  



Supporting Information 

1.1 Contents 

1. Single Crystal Diffraction, Powder Diffraction and Crystallography ................................................ 3 

1.1 Hirshfeld analysis .................................................................................................................... 6 

2. Rheology concentration studies .................................................................................................... 11 

1.2 Concentration study of Phe hydrogel .................................................................................... 12 

1.2.1 Frequency sweep analysis ............................................................................................ 12 

1.2.2 Stress sweep analysis ................................................................................................... 13 

1.2.3 Frequency sweep analysis ............................................................................................ 14 

1.2.4 Stress sweep analysis ................................................................................................... 15 

3. Scanning electron microscope (SEM) imaging ............................................................................. 16 

4. Crystal structure prediction ........................................................................................................... 18 

5. NMR spectroscopy ........................................................................................................................ 19 

1.3 Assignment of 1H and 13C spectra of Phe in water and DMSO. ........................................... 19 

1.4 Diffusion coefficients of Phe in D2O measured using DOSY NMR. ...................................... 21 

1.6 DMSO gel breaking point ...................................................................................................... 23 

1.7 15N experiments .................................................................................................................... 23 

1.8 Structural differences between Phe gels in water and DMSO .............................................. 24 

1.8.1 HR-MAS NMR ............................................................................................................... 24 

1.8.2 Mobile and rigid components of Phe gel in DMSO ....................................................... 24 

1.8.3 Solid-state NMR of Phe gels in water and DMSO ........................................................ 26 

6. CASTEP calculations of solid structures ....................................................................................... 28 

 



1 Single Crystal Diffraction, Powder Diffraction and Crystallography 

 

Figure S 1.1. Rietveld refinements of dehydrated hydrogel samples fitted against a static structure of the monohydrate (i.e. 

no refinement of unit cell contents). The quality of the powder pattern is variable and often with preferred orientation with 

the best quality data obtained in transmission mode collection. * Common minor contaminate of Form I Phe found in some 



samples of the concentrated gels in both DMSO and hydrogels. Excess drying of samples will lead to a mixture of 

monohydrate and hemihydrate mixtures, the powder patterns being very similar. 

 

Figure S 1.2. Dimers of Phe within the monohydrate structure corresponding to + - electrostatic interactions complemented 

by hydrogen bonding. 

 

Figure S 1.3. Hydrogen bonding and electrostatic stacking of one-dimensional Phe dimers in the b axis direction. 



 

Figure S 1.4. Packing of dimers of Phe shown down the b axis and with water guests removed for clarity. Dimer stacks are 

not interacting with each other except for some hydrogen bonding and π-π interactions. What is also clear is the dimer stacks 

are anisotropic with the hydrophilic section shorter than the hydrophobic region. 

 

Figure S 1.5. BFDH morphology prediction performed with the CSD program Mercury.  



 

Figure S 1.6. BFDH morphology prediction performed with the CSD program Mercury. The long axis of the morphology is 

similar to that determined utilising TEM analysis and electron diffraction. 

 

1.1 Hirshfeld analysis 

Electrostatic potential Hirshfeld surface calculated using CrystalExplorer with Tonto. DFT calculation with 6-311G 

(d,p) basis set with Becke88 exchange potential and LYP correlation potential. 



 

Figure S 1.7. Electrostatic Hirshfeld surface of the ASU of Phe monohydrate showing the distinct positive and negative regions 

of the molecule. Second image shows the transparent surface highlighting the negative region (red) associated with the 

carboxylate anion and the positive region (blue) of the ammonium cation. Mapped over the range +0.251 to -0.130 au with 

a mean value of 0.004 au. 



 

Figure S 1.8. Electrostatic Hirshfeld surface of the ASU of Phe monohydrate showing the distinct positive and negative regions 

of the molecule. Second image shows the transparent surface highlighting the negative region (red) associated with the 

carboxylate anion and the positive region (blue) of the ammonium cation. Mapped over the range +0.245 to -0.137 au with 

a mean value of 0.004 au. 



 

Figure S 1.9. Electrostatic Hirshfeld surface of the ASU of Phe monohydrate in two different orientations showing the distinct 

positive and negative regions of the molecules and their dimer association. Water molecules in the ASU are not shown for 

clarity. Mapped over the range +0.245 to -0.137 au with a mean value of 0.004 au. 



 

Figure S 1.10. Electrostatic Hirshfeld surface of the Phe molecular in the ASU of Phe monohydrate showing the distinct 

positive and negative regions of the molecules as viewed down the b axis. Mapped over the range +0.245 to -0.137 au with 

a mean value of 0.004 au. 

 

Figure S 1.11. Electrostatic Hirshfeld surface of the Phe molecular in the ASU of Phe monohydrate showing the distinct 

positive and negative regions of the molecules as viewed down the c axis. Although the Coulombic interactions are possible 

down both the a and c axes, the greater strength of the interactions in the b axis direction shows that crystal growth as 

determined by the Coulombic interactions is very anisotropic and directed along the b axis direction. Mapped over the range 

+0.245 to -0.137 au with a mean value of 0.004 au. 



 

Figure S 1.12. Hirshfeld surface fingerprint of two symmetry independent Phe molecules in Phe monohydrate. 

2 Rheology concentration studies 

 

 

Table S 2.1. Rheology (G’ average values) of 4% by weight hydrogels under different pH and ionic 

strength conditions. Crystallisation of the anhydrous Form I occurs upon addition of salt (NaCl). The 

concentrated brine solution (*) that forms the hydrogel (monohydrate crystal form) under rapid cooling 

converts to the anhydrous Form 1 (Figure S 2). Lowering or raising the pH away from the pI value of 

Phe results in a weakening of the gels, likely due to the solubilisation of Phe by formation of the charged 

versions. 

 pH 4 pH 7 pH 9.2 

 305000 1147000 943000 

100mg NaCl added Crystallisation 716000 468000 

Conc. NaCl Solution Crystallisation 613000* Crystallisation 

 



 

 

Figure S 2. Normalised kinetics (at 20 oC) of the conversion of the hydrogel (monohydrate crystal form) at time point zero to 

the anhydrous Form 1 of a concentrated brine solution upon rapid cooling to induce gelation by rheologically following the 

G’ of the material. Slow cooling results in just crystallisation of Form 1. Time in seconds. 

2.1 Concentration study of Phe hydrogel 

 

2.1.1 Frequency sweep analysis  

 

 
Figure S 2.1. Collection of frequency sweep experiments for different concentrations of Phe hydrogels. The elastic moduli, G′ 

(Pa), shown as a log scale (y-axis) is plotted against frequency (Hz) (x-axis). Concentrations report 0.212 mM (black □), 0.227 

(grey ○), 0.242 mM (grey Δ), 0.273 mM (grey □), 0.303 mM (white Δ), 0.364 (black ◊), 0.424 mM (white □), 0.485 mM (white 

○), 0.545 mM (black Δ) and 0.606 mM (grey ◊). 
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Figure S 2.2. Plot of the G′ value for each concentration of Phe in water used to form the respective gels. G′ was determined 

for each concentration from the frequency sweep experiments with the value of G′ at 25 Hz used. Concentrations report (x-

axis) 0.212, 0.227, 0.242, 0.273, 0.303, 0.364, 0.424, 0.485, 0.545 and 0.606 mM. 

 

2.1.2 Stress sweep analysis  

 

Figure S 2.3. Collection of stress sweep experiments for the different concentrations of Phe hydrogels. The elastic moduli, G′ 

(Pa) shown as a log scale (y-axis) is plotted against torque (μNm) shown as a log scale (x-axis). Concentrations report 0.227 

(grey ○), 0.242 mM (grey Δ), 0.273 mM (grey □), 0.303 mM (white Δ), 0.364 (black ◊) and 0.424 mM (white □). Lines between 

points added to help guide the eye. 
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Concentration study of Phe DMSO organogel 

2.1.3 Frequency sweep analysis  

 

 
Figure S 2.4. Collection of frequency sweep experiments for different concentrations of Phe organogels. The elastic moduli, 

G′ (Pa) shown as a log scale (y-axis) is plotted against frequency (Hz) (x-axis). Concentrations report 0.061 mM (grey ○), 0.076 

mM (white □), 0.091 mM (grey Δ), 0.1106 mM (grey ◊), 0.121mM (black Δ), 0.136 mM (white ○), 0.152 mM (black □), 0.167 

mM (white ◊), 0.182 mM (black ○). 

 
Figure S 2.5. Plot of the G′ value for each concentration of Phe in DMSO used to form the respective gels. G′ was determined 

for each concentration from the frequency sweep experiments with the value of G′ at 25 Hz used. Concentrations report (x-

axis) 0.061, 0.076, 0.091, 0.106, 0.121, 0.136 and 0.152 mM. 
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2.1.4 Stress sweep analysis  

 
 

 
Figure S 2.6. Collection of stress sweep experiments for the different concentrations of Phe organogels. The elastic moduli, 

G′ (Pa) shown as a log scale (y-axis) is plotted against torque (μNm) shown as a log scale (x-axis). Concentrations report 0.061 

mM (grey ○), 0.076 mM (white □), 0.091 mM (grey Δ), 0.106 mM (grey ◊), 0.121mM (black Δ), 0.136 mM (white ○), 0.152 

mM (black □), 0.167 mM (white ◊), 0.182 mM (black ○). Lines between points added to help guide the eye. 
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3 Scanning electron microscope (SEM) imaging 

Generally, drying of DMSO gels formed with any concentration of Phe results in a phase transition to the 

anhydrous crystalline form which likely explains the crystallites visible in the SEM images of the dried sample 

(Figure S 3.2). 

 

 

Figure S 3.1. SEM images of vacuum dried Phe hydrogel samples prepared with a Phe concentration of 0.212 mM (top row), 

0.227 mM (middle row) and 0.242 mM (bottom row). 

  



 

Figure S 3.2. SEM images of vacuum dried Phe DMSO organogel samples prepared with a Phe concentration of 0.121 mM.  

 

  



4 Crystal structure prediction 

 

Figure S 4.1. Six conformers of Phe included in the crystal structure prediction study. 

  



5 NMR spectroscopy 

5.1 Assignment of 1H and 13C spectra of Phe in water and DMSO 

 

Figure S 5.1. HSQC spectra of Phe solution in DMSO (top) and Phe gel in DMSO (bottom) used for assignment of different 1H 

and 13C sites. HSQC spectra enabled us to distinguish the Hb and C7 sites in the 1H and 13C spectra and position of Hf peak, 

which does not overlap with intense peak of exchangeable protons. 



 

Figure S 5.2. HSQC spectra of Phe gel (top) and 1H-1H 2D NOESY Phe solution in D2O (bottom) used for assignment of different 
1H and 13C sites. Analysis of both spectra enabled us to distinguish different 1H and 13C sites in the aromatic part of the 

spectra. 



 

Figure S 5.3. 13C solution-state NMR spectra of Phe in water and DMSO. The numbering of the peaks is consistent with Figure 

S 6.2. Due to low signal-to-noise and resolution of 13C spectra in DMSO 13C labelled Phe was used. 

5.2 Diffusion coefficients of Phe in D2O measured using DOSY NMR. 

As the change in the translational motion is sensitive to the size and shape of diffusing species, it is used 

frequently to investigate formation of supramolecular assemblies and can be expressed quantitatively in terms 

of diffusion coefficient.[1] The diffusion coefficient is affected by changes in micro viscosity of the solution, which 

makes it difficult to quantify the aggregation of molecules undergoing fast exchange. Diffusion coefficients of 

dissolved Phe and residual water change with increasing concentration of Phe in two steps (Figure S 5.4). Firstly, 

a gradual decrease of diffusion coefficients in solution is observed for both water and Phe with increasing 

concentration up to 200 mM. Secondly, when Phe concentration reaches gelation point, the diffusion 

coefficients are not to be affected by a further increase in concentration. Recently, Singh et al. applied NMR 

diffusion measurements to investigate aggregation of Phe in water using five different concentrations in the 

range up to 160 mM and related changes in the Phe diffusion coefficient to the formation of aggregates.[2] 



 

Figure S 5.4. Change of normalised diffusion coefficient of Phe and water with increasing concentration of Phe in solution. 

  



5.4 DMSO gel breaking point 

To determine Phe DMSO gel breaking point, we performed a series of 1H NMR experiments with increasing 

temperature. Gradual increase in peak intensity can be observed in the range of temperatures from 298 to 333 K 

(Figure S 5.5). Substantial increase of the intensity of the peaks together with increased resolution can be 

observed at temperature above 333 K indicating breaking point of the gel. 

 

Figure S 5.5. 1H solution-state NMR spectra of Phe DMSO gel in the temperature range from 298 to 363 K. 

5.5 15N NMR experiments  

Similar values of 15N chemical shifts indicate Phe molecules are in the zwitterionic form in both solvents (Figure 

S 5.6). The splitting of the 15N peaks is due to scalar coupling with 13C, as these experiments were conducted 

using 13C and 15N isotopically enriched Phe. 

 

Figure S 5.6. 15N solution-state NMR spectra of 15N labelled Phe solution and gel in water and DMSO.  



5.6 Structural differences between Phe gels in water and DMSO 

5.6.1 HR-MAS NMR 

 

Figure S 5.7. 13C HR-MAS NMR spectra of 13C labelled Phe gels in water and DMSO acquired at an MAS rate of 1 kHz. 

5.6.2 Mobile and rigid components of Phe gel in DMSO 

As 1H NMR spectra of Phe gels show substantial broadening of the peaks, to gain a further insight into structural 

differences, 13C NMR spectroscopy was used. Moreover, solution-state NMR spectra of Phe gel and solution in 

water show sharp, well resolved peaks, which confirms that only the mobile components of the gel are observed 

(Figure S 5.7). To analyse structural differences between these two gels we used HR-MAS NMR, since the 

application of MAS at the rate of 1 kHz makes it possible to partially average out dipolar interactions and 

chemical shift anisotropy (CSA). This enables us to probe the components of the material which are not visible 

by solution-state NMR spectroscopy. Since only a small volume of the gel can be analysed, to acquire a good 

quality 13C spectrum we used labelled Phe. Positions of the peaks of Phe gel in water in 13C HR-MAS NMR spectra 

do not change as compared to the 13C solution NMR. Furthermore, J-couplings arising from labelled neighbouring 

carbons (and nitrogen) are clearly resolved, indicating that we observe highly mobile species. As Phe gel forms 

a rigid network, it is possible to separate it from the entrapped liquid by drying the gel without changing 

structural features of the solid fibrils. HR-MAS spectrum of the dried Phe gel shows substantial broadening of 

the peaks and a loss of the signal intensity which confirms that fibrils are made of highly rigid components and 

that with HR-MAS of hydrated samples we observe mainly dissolved species of Phe.  



1H spectra of Phe solution and gel in DMSO revealed significant differences between local environments of 

molecules in both solvents. These differences are further supported by 13C HR-MAS NMR spectrum of Phe DMSO 

gel. The 13C NMR spectra display a significant shift (ca. 4 ppm) of the -COOH carbon to higher field in DMSO gel 

as compared to water gel, indicating a very different environment for the carbonyl site in both gels. Furthermore, 

differences in the chemical shift of the carbon directly bound to the aliphatic region of Phe can be seen in both 

gels. 1H and 13C spectra of dissolved Phe in water and DMSO indicates different environment of dissolved species 

in both solvents, which is the basis to formation of macroscopically distinct gels.  

 

 

Figure S 5.8. Differences in mobile and rigid components of Phe gel in DMSO based on HR-MAS and solid-state NMR 

experiments. 

  



5.6.3 Solid-state NMR of Phe gels in water and DMSO 

So far we have shown that dissolved/mobile components of Phe gel in water and DMSO differ significantly in 

their local environment and dynamics upon gelation (i.e. 1H T1 relaxation experiments). However, low 

concentration of Phe in both gels is a significant challenge for distinguishing between mobile and rigid 

components of the materials. Detailed analysis by solid-state NMR enabled us to elucidate local structure of 

solid component of both gels.  

Firstly, we are going to focus on Phe in DMSO gel. The differentiation between mobile and rigid parts of this 

material is even more challenging as PXRD patterns of this gel show typical broad ‘halo’ peak of an amorphous 

system. We used isotopically enriched Phe in all solid-state NMR experiments of DMSO gel. The 1H-13C CP/MAS 

NMR experiment is a method of choice for the detection of very rigid parts of the gel. In our system we could 

detect very little signal in the CP/MAS experiment. Only aromatic and –CH2 motifs are seen in the spectrum 

(Figure S 5.8). This may indicate high mobility of a DMSO gel for which the cross-polarisation step may not be 

efficient. The 13C {H} NMR spectra of the DMSO gel displayed a higher intensity and a better resolution of 

disordered solid phase of Phe in DMSO gel. 

However, in this spectrum both liquid and solid components of the gel are observed. The application of 13C{H} 

static solid-state NMR experiment enable us to distinguish between rigid and mobile component of the gel. The 

latter is less affected by CSA and dipolar interactions, hence still visible in the 13C NMR static spectrum. In the 

light blue 13C NMR spectrum (Figure S 5.8) one can observe a single peak for each site of Phe with isotropic 

chemical shift value comparable to the chemical shift of mobile component recorded in the HR-MAS NMR 

spectrum (green). Furthermore, a substantial decrease of the peaks intensity of rigid component of the gel 

network can be observed.  



 

Figure S 5.9 From the bottom 1H-13C CP/MAS solid-state NMR spectra of anhydrous Phe and Phe in water gel and 13C{H} solid 

state NMR spectra of Phe in DMSO gel. All spectra were recorded at different spinning speeds (from the top: 4 kHz, 8.5 kHz 

and 10 kHz). Spinning sidebands are labelled with asterisks. 

 

13C solid-state NMR spectra were recorded for both gels and a reference, commercially available Phe without 

recrystallisation. Substantial differences can be seen in the solid-state NMR spectra of both gels as compared to 

the known anhydrous form of phenylalanine. Phe gel in water shows characteristic splitting for each carbon site 

indicating presence of two non-equivalent molecules in the crystal structure. It matches the spectrum reported 

by Williams et al.[3] as a high humidity material and subsequently assigned as a monohydrate form of Phe. This 

is further corroborated by our XRD results and CASTEP calculations of 13C solid-state NMR chemical shifts for 

geometry optimised Phe monohydrate crystal structure.  

PXRD data indicate the formation of amorphous Phe gel in DMSO, 13C{H} solid-state NMR spectrum of Phe in 

DMSO gel shows several interesting features. Apart from the expected broadening of the peaks, characteristic 

for solids which lack long range order, two distinct sites for each carbon site are observed indicating presence 

of molecules in two different environments.  

 

  



6 CASTEP calculations of solid structures 

GIPAW calculations of 13C NMR shielding tensors of Phe monohydrate show excellent agreement with 

experimental data proving that Phe water gel corresponds to the monohydrate form. Furthermore, calculated 

NMR parameters for PXRD-determined structure [3] without DFT geometry optimisation step differ significantly 

from experimental data. This is not surprising, as the position of hydrogens in PXRD-determined structures lack 

accuracy, leading to bigger errors in chemical shift calculations due to changes of local environment of atoms. 

Fully relaxed structures and structures with blocked positions of heavy atoms do not show substantial 

differences in the calculated 13C NMR chemical shifts.  

 

Figure S 6.1. Calculated 13C NMR chemical shifts of Phe hydrate structure (H) reported by Williams et al.[3] vs experimental 
13C chemical shifts of Phe water gel acquired within this work. Dashed line shows very good fit with experimental data. Not 

optimised (n.o.) structures refer to GIPAW calculated NMR shielding for structures without geometry optimisation; in ‘all 

optimised’ structures (a.o.) all atoms were relaxed within constrained unit cell prior to NMR parameters calculation; in 

structures labelled b.a. the position of all heavy atoms together with cell parameters were constrained during geometry 

optimisation step followed by NMR shielding calculations. 
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Figure S 6.2. Phe molecule with labelled carbon atoms. Aromatic carbons C5, C6, C8, C9 cannot be distinguished in the 13C 

spectra due to similar values of chemical shifts and peak broadening. These carbons are referred to as aromatic in Table S 

6.1. 

Table S 6.1. Experimental (Exp.) and computed 13C chemical shifts derived from Phe hydrate structure reported by Williams 

et al. [3]a 

Carbonb 
δ (ppm) 

Exp. H n.o. H a.o. H b.a. 

C3A 36.74 17.24 31.24 37.41 

C3B 37.19 19.24 32.77 37.70 

C2B 55.22 44.23 52.99 56.14 

C2A 59.09 47.40 53.39 56.55 

C4A 126.67 117.28 123.62 126.32 

C4B 126.67 120.12 126.48 128.05 

Aromatic 130.24 121.87 127.44 130.90 

Aromatic 131.81 125.14 127.91 131.66 

Aromatic 131.81 125.69 128.63 133.47 

Aromatic 131.81 125.81 128.65 133.55 

Aromatic 131.81 126.69 129.20 134.01 

Aromatic 131.81 126.96 130.61 134.02 

Aromatic 132.81 128.92 131.53 134.55 

Aromatic 134.81 136.23 133.12 138.80 

C7A 136.05 139.17 136.21 142.51 

C7B 136.72 141.26 137.34 142.67 

C1A 174.29 168.47 176.71 170.78 

C1B 175.69 172.79 176.93 177.82 

a Structures Phe hydrate (H) are labelled as follows: n.o – structure without geometry optimisation, a.o. – structure with relaxed all atoms, 

b.a. – structure with blocked heavy atoms. b Carbon numbers are in agreement with the structure presented in Figure S 6.2, letters A and B 

next to carbon numbers are used to distinguish the two molecules present in asymmetric unit. 
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