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Abstract 

Polymorphism in a multi-component crystal system of trimesic acid (TMA) and t-butylamine 

(TBA) with stoichiometry (TMA)2(TBA)3 is reported, with the discovery and structural 

characterization of two polymorphs with rhombohedral and triclinic symmetries. In each polymorph, 

the TBA molecules exist as protonated cations and the two independent TMA molecules are 

deprotonated by loss of a total of three protons (the specific protonation state of each TMA anion 

depends on the interpretation of hydrogen-bond disorder in the crystal structure). Both structures are 

based on sheets of TMA anions arranged in a hydrogen-bonded honeycomb network; these sheets are 

essentially planar in the rhombohedral polymorph but corrugated in the triclinic polymorph. The TBA 

cations are linked by hydrogen-bonding to the TMA anions in this network, with the t-butyl groups 

occupying the void space within the honeycomb network and the regions of space between adjacent 

sheets. Periodic DFT-D calculations suggest that the rhombohedral polymorph is more energetically 

stable than the triclinic polymorph. 
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Introduction 

The diverse range of crystalline forms1 that may exist for a given organic molecule includes 

polymorphs, co-crystals, solvates and hydrates. There is currently much interest in exploring the 

range of crystalline forms that are experimentally accessible for a given organic molecule, particularly 

with a view to rationalization of their structural features, understanding the relationships between 

their structural and physical properties, and establishing the transformation pathways that may exist 

for interconversion between different crystalline forms. Within this field of endeavour, the 

phenomenon of polymorphism2-13 has received particular attention, recalling that polymorphs are 

defined as crystalline forms that have identical chemical composition but different structural 

properties. 

In this paper, we use the general term multi-component crystal to describe a crystalline material 

that contains two or more different types of molecule, which may be neutral, cationic (e.g., as a result 

of protonation) or anionic (e.g., as a result of deprotonation). For polymorphism in multi-component 

organic molecular materials,14,15 the different polymorphs contain the same types of molecule in an 

identical stoichiometric ratio, but have different crystal structures. Here we focus on polymorphism 

of multi-component crystals containing trimesic acid (benzene-1,3,5-tricarboxylic acid, TMA; 

Scheme 1) and t-butylamine (TBA; Scheme 1) in the stoichiometric ratio (TMA)2(TBA)3. We note 

that there is already an extensive literature on multi-component crystalline materials containing 

trimesic acid (either as the neutral TMA molecule or as anionic states formed by deprotonation of 

TMA), including hydrogen-bonded materials, metal-organic frameworks and solid inclusion 

compounds.16-25 

The structural properties of multi-component crystals containing TMA and TBA are of interest 

from a number of viewpoints, including rationalization of how these materials achieve a balance 

between the formation of favourable hydrogen-bonding arrangements involving the strong hydrogen-

bond donor and strong hydrogen-bond acceptor functionalities, while also accommodating the steric 

demands of the bulky t-butyl groups of the TMA molecules within the structure. Furthermore, 

recognizing that TMA molecules can exist in four different forms depending on the state of 

deprotonation26,27 and that TBA molecules can exist in two different forms depending on the state of 
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protonation, there is potential for diversity (and unpredictability) in the nature of the hydrogen-bond 

donor and acceptor functionalities present in the crystal structure. In addition, the possibility that the 

hydrogen-bonding arrangements may be disordered creates the potential for a further level of 

structural complexity. 

While we refer in general terms to t-butylamine as TBA and trimesic acid as TMA, it is 

important in certain contexts to define the specific state of deprotonation of the TMA molecules and 

the specific state of protonation of the TBA molecules. For this purpose, we denote the fully 

deprotonated TMA molecule (i.e., the benzene-1,3,5-tricarboxylate anion) as tma3–; the three types 

of anions corresponding to different degrees of deprotonation of TMA are then denoted H2tma–, 

Htma2– and tma3–, and the neutral TMA molecule is denoted H3tma. Similarly, we denote the neutral 

t-butylamine molecule as tba, and the protonated TBA molecule is then denoted Htba+. For a multi-

component crystal containing TMA and TBA with stoichiometry (TMA)X(TBA)Y, the general 

formula specifying the detailed composition in terms of the state of deprotonation of the TMA 

molecules and the state of protonation of the TBA molecules is: 

 (H3tma)X–(x+y+z)(H2tma–)x(Htma2–)y(tma3–)z(tba)Y–(x+2y+3z)(Htba+)x+2y+3z 

Clearly, if the material exhibits disorder in the hydrogen-bonding arrangement, this general formula 

may represent an over-simplification as the notation defined above assumes that each TMA molecule 

and each TBA molecule in the average crystal structure (as determined from diffraction-based 

techniques) contains an integer number of hydrogen atoms. 

Herein, we report the discovery and structural properties of two polymorphs with stoichiometry 

(TMA)2(TBA)3, denoted polymorph I and polymorph II. Although the two polymorphs share some 

similarities in their structural features, they differ significantly in certain structural aspects. The 

energetic properties of the two polymorphs are also assessed on the basis of periodic DFT-D 

calculations. 

Sample Preparation and Characterization 

Polymorph I was obtained by three different procedures: (i) vapour diffusion of ethanol (or 

acetone) into a methanol solution containing TMA and TBA in 1:1 molar ratio at ambient 
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temperature, (ii) vapour diffusion of ethanol into a methanol solution containing TMA and TBA in 

2:3 molar ratio at ambient temperature and (iii) vapour diffusion of ethanol or acetone into a 

methanol/water solution (molar ratio 10:1) containing TMA and TBA in 2:3 molar ratio at ambient 

temperature. Powder XRD confirmed that these preparation procedures produced monophasic 

samples of polymorph I. 

Polymorph II was obtained following a crystallization process involving vapour diffusion of 

acetonitrile into a methanol solution containing TMA and TBA in 4:5 molar ratio at ambient 

temperature. This procedure led to the formation of a methanol solvate with composition 

(TMA)2(TBA)2(MeOH)1 as the main phase. After collecting the crystals and leaving them in the open 

air for a few days, it was found that the majority of the sample had degraded into a polycrystalline 

phase (presumably due to loss of methanol and formation of a polycrystalline desolvated phase). 

However, some good-quality single crystals remained in the sample and were found by single-crystal 

XRD to be polymorph II of (TMA)2(TBA)3. A separate study28 of desolvation of the methanol solvate 

phase (TMA)2(TBA)2(MeOH)1 has shown that polymorph II of (TMA)2(TBA)3 is not formed as a 

product of the desolvation process; thus, the crystals of polymorph II of (TMA)2(TBA)3 found in the 

experimental procedure described above were most likely formed concomitantly as a minor 

crystallization product during the original crystallization of the methanol solvate phase. 

Results and Discussion 

The crystal structures of polymorph I and polymorph II of (TMA)2(TBA)3, determined from 

single-crystal XRD data, are shown in Figs. 1 – 4 and crystallographic data are given in Table 1. 

Following structure determination, simulation of the powder XRD pattern for polymorph I confirmed 

(see Fig. 5) that the structure determined from single-crystal XRD is representative of the 

experimental powder XRD patterns of the bulk polycrystalline samples obtained in the crystallization 

experiments described above. We note that a similar comparison between experimental and simulated 

powder XRD data could not be carried out for polymorph II, as only a very small amount of 

polymorph II was obtained as a minor phase within a mixed-phase sample, as described above. 

Polymorph I is rhombohedral, with space group 𝑅3𝑐. The asymmetric unit comprises two 

independent fragments of TMA (each corresponding to one third of a TMA molecule) and one 
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complete TBA molecule. Thus, the crystal structure contains two independent TMA molecules, each 

lying on a 3-fold symmetry axis (corresponding to a total of 2/3 TMA molecules in the asymmetric 

unit), and one independent TBA molecule. 

Polymorph II is triclinic, with space group 𝑃1̅. The asymmetric unit comprises two TMA 

molecules and three TBA molecules. 

In each polymorph, all TBA molecules exist as protonated cations Htba+ while, on average, the 

two independent TMA molecules are deprotonated by loss of a total of three protons. Thus, the two 

independent TMA anions have a total of three –CO2H groups and three –CO2
–
 groups. The exact state 

of deprotonation of each TMA anion depends on the interpretation of disorder in the hydrogen-

bonding arrangements in the two crystal structures, as discussed in more detail below. 

Polymorphs I and II adopt broadly similar structures, although with significant differences in 

certain features. Both polymorphs contain sheets of TMA anions arranged in a hydrogen-bonded 

honeycomb network parallel to the ab-plane (Figs. 1a and 2a). Within these honeycomb networks, 

each pair of adjacent molecules is linked by a single O–H···O hydrogen bond between a –CO2H 

group in one molecule and a –CO2
–
 group in the other molecule. Each "hexagon" of the honeycomb 

network is constructed from six –CO2H···
–
O2C– hydrogen-bonded linkages of this type. The void 

space generated at the centre of the "hexagon" has an approximate diameter of ca. 10 Å in the plane 

of the honeycomb sheet. 

The stacking of the honeycomb sheets along the c-axis is similar in polymorphs I and II, at least 

when viewed in projection along the c-axis. In each case, half the TMA anions within a given sheet 

are located directly above a TMA anion in the sheet below [for example, in both Fig. 1b and Fig. 2b, 

the TMA anion centred at (0, 0, z) in the sheet shown in red lies directly above a TMA anion centred 

at (0, 0, z') in the sheet below shown in blue], whereas the other TMA anions in the sheet are located 

directly above a "hexagonal" void space in the honeycomb network in the sheet below [for example, 

in both Fig. 1b and Fig. 2b, the TMA anion centred at (2/3, 1/3, z) in the sheet shown in red lies 

directly above a void space centred at (2/3, 1/3, z') in the sheet below shown in blue]. As the stacking 

of the honeycomb sheets is such that the void spaces in adjacent sheets are not located directly 
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above/below each other, the structures of polymorphs I and II do not contain continuous channels 

running parallel to the c-axis. 

In polymorph I, the honeycomb sheets of TMA anions are essentially planar (Fig. 1c) and 

adjacent sheets are parallel to each other. In contrast, the honeycomb sheets of TMA anions in 

polymorph II are significantly corrugated (Fig. 2c) and the relationship between adjacent sheets is 

such that continuous channels (within the TMA substructure) running parallel to the b-axis are 

generated. 

In each polymorph, the Htba+ cations are linked by hydrogen-bonding to the TMA anions in 

the honeycomb network, with each –NH3
+
 group forming two N–H···O hydrogen bonds to oxygen 

atoms in a –CO2H···
–
O2C– hydrogen-bonded linkage formed between TMA anions (see Figs. 3a and 

4a), giving a cyclic hydrogen-bonded array designated as either 𝑅3
2(8) or 𝑅3

3(8) in graph set 

notation29 (Fig. 6). For each polymorph, these cyclic hydrogen-bonded arrays exhibit disorder 

between the 𝑅3
2(8) or 𝑅3

3(8) motifs, as discussed in more detail below. The directions from which 

the –NH3
+
 groups of the Htba+ cations approach the honeycomb sheet in forming these cyclic 

hydrogen-bonded arrays (i.e. approaching from above, from below, or from the same plane as the 

sheet) and the orientations of the t-butyl groups of the Htba+ cations relative to the sheet differ 

between the two polymorphs. In the case of polymorph II, these features also differ for the three 

independent Htba+ cations in the asymmetric unit. 

For polymorph I, which has one Htba+ cation in the asymmetric unit, the CH3–C–CH3 unit of 

the Htba+ cation lies very close to the plane of the honeycomb sheet of TMA anions. As a 

consequence of the crystal symmetry, a given "hexagonal" void space within the honeycomb sheet is 

occupied in this way by CH3–C–CH3 units from three Htba+ cations. The other CH3 group of the 

Htba+ cation projects above the plane of the honeycomb sheet (see Fig. 3b), partially occupying the 

void space in the honeycomb sheet above. The –NH3
+
 group of the Htba+ cation lies slightly below 

the plane of the honeycomb sheet (see Fig. 3b) and is oriented such that two N–H···O hydrogen bonds 

are formed (see Fig. 3a) with TMA anions in the honeycomb sheet, giving rise to cyclic hydrogen-

bonded arrays discussed above. The other N–H bond of each Htba+ cation is engaged in an N–H···O 

hydrogen bond to a TMA anion in the honeycomb sheet below (see Fig. 3b). 
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For polymorph II, the arrangement of Htba+ cations relative to the honeycomb sheets of TMA 

anions is more complicated, as there are three independent Htba+ cations in the asymmetric unit. 

Given the corrugated nature of the honeycomb sheets and the way in which they are stacked along 

the c-axis, a large void region is generated between a given pair of adjacent sheets (see Fig. 2c), which 

we describe as a channel (within the TMA substructure) running parallel to the b-axis. A pair of 

adjacent sheets (labelled as A and A' in Fig. 2c) that forms such channels are related to each other by 

the inversion symmetry operation. The location of the Htba+ cations relative to the TMA anions is 

now discussed. As shown in Fig. 4a, the three independent Htba+ cations interact with the –CO2H···
–

O2C– linkages in the honeycomb sheet of TMA anions, with each Htba+ cation forming two N–H···O 

hydrogen bonds to a given –CO2H···
–
O2C– linkage, giving rise to cyclic hydrogen-bonded arrays 

discussed above. For two of the Htba+ cations (labelled 1 and 2 in Fig. 4b), the –NH3
+
 group lies 

close to the "local plane" of the honeycomb sheet and the t-butyl group projects away from the sheet 

(downwards for sheets labelled A and upwards for sheets labelled A' in Fig. 4b); these t-butyl groups 

fill the space within the channels that exist between the two sheets in each A-A' pair. For these Htba+ 

cations, one N–H bond of the –NH3
+
 group forms an N–H···O hydrogen bond with a TMA anion in 

an adjacent A-A' pair of sheets. For the other Htba+ cation (labelled 3 in Fig. 4b), the CH3–C–CH3 

unit lies close to the "local plane" of the honeycomb sheet, the other CH3 group is projected away 

from the sheet (upwards for sheets labelled A and downwards for sheets labelled A' in Fig. 4b), and 

the –NH3
+
 group lies slightly out of the plane of the sheet. For this Htba+ cation, one N–H bond of 

the –NH3
+
 group forms an N–H···O hydrogen bond with a TMA anion in the other sheet within the 

same A-A' pair. 

Difference Fourier maps calculated during structure refinement suggested that, for each polymorph, 

the position of the hydrogen atom in each –CO2H···
–
O2C– hydrogen bond in the honeycomb sheets 

is disordered between –CO2H···
–
O2C– and –CO2

–
···HO2C– arrangements. For polymorph I, 

refinement of two hydrogen atom sites in each O–H···O linkage gives fractional occupancies of 

0.73(7) and 0.27(7) for the two sites (in polymorph I, all O–H···O linkages are equivalent by 

symmetry). For polymorph II, there are three independent O–H···O linkages, and the refined 

fractional occupancies of the two hydrogen atom sites in each case are: 0.35(4)/0.65(4), 

0.28(4)/0.72(4) and 0.35(4)/0.65(4), where the occupancies for the hydrogen atoms of one molecule 
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(denoted A) are given first and the occupancies for the hydrogen atoms of the other molecule (denoted 

B) are given second. Thus, the total number of –CO2H groups in molecule A is 0.98 and the total 

number of –CO2H groups in molecule B is 2.02, corresponding (within the estimated errors in 

determining the occupancies of the hydrogen atoms) to a description in which, on average, one TMA 

anion (molecule A) is of the type Htma2– and one TMA anion (molecule B) is of the type H2tma–.  

 Clearly, caution is required in considering the significance of hydrogen atom positions refined 

with fractional occupancies from X-ray diffraction data, given the low X-ray scattering power of 

hydrogen, and we therefore emphasize two factors in support of our assignment of disorder in the 

hydrogen-bonding arrangements in the present case. First, for all hydrogen atom positions in the 

disordered –CO2H...–O2C– hydrogen bonds in polymorph I and polymorph II, the refined occupancies 

of the hydrogen atom positions differ from 0 or 1 (which would represent an ordered hydrogen-

bonding arrangement) by more than 3 times the estimated standard deviations (esds) in the refined 

occupancies. Thus, for the disordered O–H...O hydrogen bond in polymorph I, the hydrogen site of 

lower occupancy has refined occupancy of 0.27(7) [3  esd = 0.21], and for the three disordered  

O–H...O hydrogen bonds in polymorph II, the hydrogen sites of lower occupancy have refined 

occupancies of 0.35(4) [3  esd = 0.12], 0.28(4) [3  esd = 0.12] and 0.35(4) [3  esd = 0.12]. 

Second, it is important to emphasize that disorder in O–H...O hydrogen bonds between 

carboxylic acid groups also has consequences for the single-bond versus double-bond character of 

the two C–O bonds of each carboxylic acid group, which is manifested in terms of the C–O bond 

distances in the average crystal structure determined from X-ray diffraction data. Clearly, in structure 

determination from X-ray diffraction data, the positions of the carbon and oxygen atoms are 

determined with greater reliably than the positions of the hydrogen atoms, and thus consideration of 

the C–O bond distances in the average crystal structure provides additional verification regarding 

disorder in the hydrogen-bonding arrangement. As shown in Table 2, for all the –CO2H···
–
O2C– 

linkages in both polymorphs, the group with higher hydrogen atom occupancy has the longest C–OH 

bond and the shortest C=O bond, whereas the group with lower hydrogen atom occupancy has C–OH 

and C=O bond distances that tend to be closer to each other (and intermediate between the two values 

for the group with higher hydrogen atom occupancy). These observations are consistent with a 
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situation in which the group with higher hydrogen atom occupancy has greater –CO2H character and 

the group with lower hydrogen atom occupancy has greater –CO2
–
 character. 

Focusing on the component of higher occupancy for each polymorph, there is a subtle 

difference between polymorphs I and II in the details of the hydrogen bonding within the cyclic 

hydrogen-bonded arrays that link the Htba+ cations to the honeycomb sheets of TMA anions (see 

Figs. 3a and 4a). Thus, for polymorph I, the acceptors in the two N–H···O hydrogen bonds are an 

oxygen atom of the –CO2
–
 group and the C=O oxygen atom of the –CO2H group, corresponding to 

the 𝑅3
2(8) motif shown in Fig. 6a. In contrast, for polymorph II, the acceptors in the two N–H···O 

hydrogen bonds are an oxygen atom of the –CO2
–
 group and the OH oxygen atom of the –CO2H 

group, corresponding to the 𝑅3
3(8) motif shown in Fig. 6b. For the component of lower occupancy 

for each polymorph, the situation is reversed; thus, polymorph I exhibits the 𝑅3
3(8) motif and 

polymorph II exhibits the 𝑅3
2(8) motif. 

The relative stabilities of the two polymorphs have been assessed using periodic DFT-D 

calculations. As discussed above, there is disorder in the position of the hydrogen atom in the O–

H···O hydrogen bonds in each polymorph (representing both O–H···O and O···H–O hydrogen-

bonding situations for the same oxygen atom positions) and it was therefore necessary to construct a 

suitable ordered model for each polymorph to allow the DFT-D calculations to be carried out. The 

ordered models were constructed by positioning a hydrogen atom (with full occupancy) in each O–

H···O hydrogen bond at the site of higher occupancy in the disordered experimental structure. For 

each polymorph, the ordered model constructed in this manner has two distinct TMA molecules, with 

one molecule fully protonated (H3tma) and the other molecule fully deprotonated (tma3–). The 

overall stoichiometry is therefore (H3tma)(tma3–)(Htba+)3, which corresponds to X = 2, Y = 3, x = 0, 

y = 0, z = 1 in the general formula for multi-component TMA/TBA crystals given above. 

Initially, periodic DFT-D geometry-optimization (with fixed unit cell) was carried out using the 

PBE-TS method for each polymorph, starting from the ordered structure derived from the 

experimentally determined structure, as discussed above. The energies of the resultant geometry-

optimized structures were then calculated using the PBE-TS, PBE-MBD, PBE0-TS and PBE0-MBD 

methods. For all the calculation methods considered, the calculated energy is lower for polymorph I 
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than polymorph II, with the following energy differences [expressed per mole of the formula unit 

(TMA)2(TBA)3]: PBE-TS (10.7 kJ mol–1), PBE-MBD (16.8 kJ mol–1), PBE0-TS (9.7 kJ mol–1), 

PBE0-MBD (14.8 kJ mol–1). Among these methods, PBE0-MBD is considered30,31 to give the most 

reliable assessment of the relative energies of polymorphs of organic materials. It is noteworthy that 

the MBD dispersion correction gives greater stability for polymorph I, relative to polymorph II, than 

the TS dispersion correction. 

Periodic DFT-D geometry-optimization calculations (with fixed unit cell) were also carried out 

starting from an ordered structure for each polymorph constructed by positioning a hydrogen atom 

(with full occupancy) in each O–H···O hydrogen bond on the site of lower occupancy in the 

disordered experimental structure. For each polymorph, the geometry-optimization calculation led to 

transfer of the hydrogen atom to the other oxygen atom in the O–H···O hydrogen bond (i.e. O–H···O 

→ O···H–O), thus effectively generating the high-occupancy ordered structure. Clearly, this 

observation supports the view that, for both polymorph I and polymorph II, the hydrogen atom 

position of higher occupancy in each O–H···O hydrogen bond in the experimental crystal structure 

corresponds to the energetically more stable hydrogen-bonding arrangement. 

The results from our DFT-D calculations suggest that polymorph I is more stable than 

polymorph II, with the same conclusion reached from all four DFT-D methods used in this work. The 

relative stabilities among a set of polymorphs are often related to density, with higher density 

corresponding to greater stability, as conveyed by the so-called density rule.32,33 In the present case, 

the densities calculated from the crystal structures at 296 K are 1.242 g cm–3 for polymorph I and 

1.249 g cm–3 for polymorph II. Although the difference between the densities is small, it is 

nonetheless significant relative to the estimated errors in their determination (the estimated standard 

deviations in the calculated densities are ca. 0.0001 g cm–3 based on the estimated standard deviations 

in the unit cell volumes determined by single-crystal XRD). The polymorphism in the (TMA)2(TBA)3 

system therefore represents a case in which the polymorph of lower density is the more stable 

polymorph (at least at 296 K). 

Throughout our studies, no polymorphic phase transformations between polymorphs I and II 

were observed under ambient conditions. DSC measurements starting from polymorph I showed no 
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evidence for any thermal events on cooling/heating cycles (at 5 °C min–1) from 20 °C → –100 °C → 

20 °C and on heating/cooling cycles (at 10 °C min–1) from 20 °C → 180 °C → 20 °C. In other DSC 

experiments on polymorph I, decomposition was observed on heating (at 10 °C min–1) above ca. 200 

°C. Unfortunately, DSC measurements starting from polymorph II could not be carried out due to the 

very small amount of polymorph II obtained in our work. 

Concluding Remarks 

The structural properties of the two polymorphs of (TMA)2(TBA)3 reported in this paper reveal 

an intriguing combination of similarities and differences, many of which may merit deeper 

investigation in due course. One particular aspect of interest concerns the disorder observed in the 

hydrogen-bonding arrangements in both polymorphs, as revealed in the crystal structures determined 

from single-crystal XRD data. However, recalling that the analysis of diffraction data delivers a 

space-averaged and time-averaged representation of the true structure, knowledge of the average 

crystal structure at a single temperature cannot distinguish whether the origin of the disorder in the 

hydrogen-bonding arrangements in these materials arises from static positional disorder or dynamic 

disorder. Other experimental strategies (particularly using spectroscopic techniques) and/or 

computational methods are required to provide more insights in this regard. 

In addition to the possible occurrence of dynamic processes that may lead to interconversion 

between the hydrogen-bonding modes of major and minor occupancy discussed above, various other 

types of dynamic process may be envisaged for the (TMA)2(TBA)3 polymorphs, including 3-fold 

120° jumps of the C–NH3
+
 groups (via rotation around the C–N bond) in the Htba+ cations. It is 

important to note that this dynamic process is not revealed in terms of disordered hydrogen atom 

positions in the average crystal structure determined from diffraction-based techniques as the 

symmetry of the jump process matches the local symmetry of the C–NH3
+
 group. In contrast, solid-

state NMR spectroscopy34 can directly reveal the occurrence of this type of dynamic process, and has 

shown34-36 that many hydrogen-bonded molecular crystals containing C–NH3
+
 groups (including 

zwitterionic amino acids) undergo the 3-fold 120° jump motion, in some cases with significant 

differences in the jump rate observed between different polymorphs.35 Other dynamic processes that 

may be envisaged for the polymorphs of (TMA)2(TBA)3 include reorientational motions of the t-
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butyl groups and methyl groups, which are also readily investigated using solid-state NMR 

techniques.37-39 

In the context of assessing the relative energetic properties of polymorphs using periodic DFT-

D calculations on crystal structures determined from diffraction-based techniques, we emphasize that 

such calculations do not take into consideration the various types of dynamic process that may occur 

in the material. Clearly, the different entropic contributions arising from differences in the dynamic 

properties between different polymorphs may have a significant influence on their relative energetic 

stabilities. 

Methods 

Single-crystal XRD data for polymorph I were recorded on a Nonius Kappa CCD 

diffractometer using Mo K radiation ( = 0.71073 Å). Single-crystal XRD data for polymorph II 

were recorded on an Agilent SuperNova Dual Atlas diffractometer with a mirror monochromator 

using Cu K radiation ( = 1.5418 Å) radiation. Crystal structures were solved using SHELXS40 and 

refined using SHELXL.41 For non-hydrogen atoms, anisotropic displacement parameters were 

refined. The hydrogen atoms bonded to the aromatic rings of TMA were inserted in idealized 

positions and a riding model was used with Uiso for each hydrogen atom set to 1.2 times the value of 

Ueq for the atom to which it is bonded. Idealized geometry was also used for each hydrogen atom of 

TBA, with Uiso set to 1.5 times the value of Ueq for the atom to which it is bonded, with free rotation 

about the C–CH3 and C–NH3
+
 bonds. A disordered model was used for hydrogen atoms involved in 

–CO2H···
–
O2C– hydrogen bonds, with the hydrogen atom allowed to occupy two positions with 

fractional occupancies, corresponding to disorder between –CO2H···
–
O2C– and –CO2

–
···HO2C– 

hydrogen-bonding arrangements. For a given hydrogen-bonded linkage, the total occupancy of the 

two hydrogen atom positions was constrained to be equal to 1. For polymorph I, one hydrogen atom 

is disordered between two sites, with the following occupancies: H2/H4A, 0.73(7)/0.27(7). For 

polymorph II, there are three independent –CO2H···
–
O2C– hydrogen-bonded linkages; in each case, 

the hydrogen atom is disordered between two sites, with the following occupancies: H1/H11A, 

0.72(4)/0.28(4); H3/H7, 0.65(4)/0.35(4); H5/H9, 0.65(4)/0.35(4). 
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Powder XRD data were recorded at ambient temperature on a Bruker D8 instrument operating 

in transmission mode using CuKα1 radiation (Ge monochromated). 

Differential scanning calorimetry (DSC) data were recorded using a TA Instruments Q100 

differential scanning calorimeter, with the powder sample loaded in a hermetically sealed aluminium 

pan. DSC data were recorded at heating/cooling rates of 5 °C min–1 or 10 °C min–1. 

Density functional theory (DFT) calculations on the experimentally determined crystal 

structures were carried out using FHI-aims42-44 (date stamp: 190813). Geometry optimization 

calculations used the PBE version of the general gradient approximation (GGA) coupled with the 

Tkatchenko-Scheffler (TS) dispersion correction.45,46 Due to the disorder of the hydrogen sites in the 

O–H···O hydrogen bonds in both polymorphs, it was necessary for the DFT calculations to consider 

ordered hydrogen-bonding arrangements, as discussed in the text. 

Following geometry optimization, energy calculations were carried out using both GGA and 

hybrid-GGA exchange-correlation functionals, specifically PBE45 and PBE0,47 coupled with either 

the TS method46 or the many-body dispersion (MBD)48 method for dispersion correction. Thus, the 

complete set of exchange-correlation functionals considered in this work were: PBE-TS, PBE-MBD, 

PBE0-TS and PBE0-MBD. The electronic structure calculations were carried out with an 

“intermediate” basis set and relativistic effects were included via the scaled zeroth order regular 

approximation.42 A Γ-centred k-grid was used with a minimum sample spacing of 0.05 Å–1; testing 

with a denser k-grid sampling of 0.04 Å–1 gave changes in relative energies of < 2 meV. The electronic 

structure self-consistent field (SCF) cycle was converged when changes in the electron density, the 

total energy and the sum of the eigenvalue energies were below 10–6 e a0
–3, 10–6 eV and 10–6 eV, 

respectively. 

Associated Content 

Supporting Information 

Crystallographic information (cif files) for polymorph I and polymorph II of (TMA)2(TBA)3. 

Accession Codes 



14 

CCDC 1977369−1977370 contain the supplementary crystallographic data for this paper. These data 

can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by emailing 

data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre, 12 

Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033. 

Author Information 

Corresponding Author 

*E-mail: HarrisKDM@cardiff.ac.uk 

ORCID 

Kenneth D. M. Harris: 0000-0001-7855-8598 

Benson M. Kariuki: 0000-0002-8658-3897 

Notes 

The authors declare no competing financial interest. 

Acknowledgements 

We are grateful to Cardiff University for financial support (studentship to Y. Y.). We thank the U. K. 

High Performance Computing "Materials Chemistry Consortium" (EP/R029431), for providing 

access to the ARCHER National Supercomputing Service, and Supercomputing Wales for access to 

the Hawk HPC facility, which is part-funded by the European Regional Development Fund via the 

Welsh Government. 



15 

Table 1: Crystallographic data and refinement parameters for polymorph I and polymorph II of 

(TMA)2(TBA)3. 

 Polymorph I Polymorph II 

Crystal System rhombohedral triclinic 

Space Group R3c P1̄ 

T / K 296(2) 296(2) 

Fw 639.69 639.69 

a / Å 16.7282(7) 16.2289(6) 

b / Å 16.7282(7) 16.4533(6) 

c / Å 21.1828(6) 7.3526(3) 

 / ° 90 92.246(3) 

 / ° 90 95.790(3) 

 / ° 120 118.901(4) 

V / Å3 5133.5(5) 1701.26(13) 

Z 6 2 

Crystal size / mm3 0.40 × 0.40 × 0.15 0.22 × 0.10 × 0.09 

No. of reflections 8660 12272 

No. of independent  

reflections 
2530 6646 

No. of parameters 142 424 

R(int) 0.0461 0.0211 

R1 0.0420 0.0542 

wR2 0.0889 0.1483 
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Table 2: Lengths of the C–O bonds and hydrogen atom occupancies in the carboxylic 

acid/carboxylate groups in polymorphs I and II (the atom numbering corresponds to that 

in the deposited cif files). 

Polymorph I 

 C–O Distance H occupancy 

C(3)–O(1) 1.227(3) Å  

C(3)–O(2)–H(2) 1.285(3) Å 0.73(7) 

C(6)–O(3) 1.237(3) Å  

C(6)–O(4)–H(4A) 1.280(3) Å 0.27(7) 

Polymorph II 

 C–O Distance H occupancy 

C(7)–O(2) 1.205(2) Å  

C(7)–O(1)–H(1) 1.317(2) Å 0.72(4) 

C(18)–O(12) 1.235(2) Å  

C(18)–O(11)–H(11A) 1.265(2) Å 0.28(4) 

   

C(8)–O(4) 1.205(2) Å  

C(8)–O(3)–H(3) 1.307(2) Å 0.65(4) 

C(16)–O(8) 1.232(2) Å  

C(16)–O(7)–H(7) 1.268(2) Å 0.35(4) 

   

C(9)–O(6) 1.206(2) Å  

C(9)–O(5)–H(5) 1.312(2) Å 0.65(4) 

C(17)-O(10) 1.233(2) Å  

C(17)–O(9)–H(9) 1.268(2) Å 0.35(4) 
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Figures 

  

Scheme 1. Molecular structures of TMA (left) and TBA (right). 
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Figure 1. Arrangement of TMA anions in the crystal structure of polymorph I of (TMA)2(TBA)3 

showing: (a) a single hydrogen-bonded sheet of TMA anions arranged in a honeycomb network 

parallel to the ab-plane, (b) the relationship between two adjacent hydrogen-bonded sheets (shown in 

blue and red), and (c) the stacking of sheets of TMA anions along the c-axis viewed (along the b-

axis) parallel to the plane of the sheets. For each O–H···O hydrogen bond, only the hydrogen atom 

position of higher occupancy is shown. Hydrogen bonds are indicated by dashed lines. 
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Figure 2. Arrangement of TMA anions in the crystal structure of polymorph II of (TMA)2(TBA)3 

showing: (a) a single hydrogen-bonded sheet of TMA anions arranged in a honeycomb network, (b) 

the relationship between two adjacent hydrogen-bonded sheets (shown in blue and red), and (c) the 

stacking of sheets of TMA anions along the c-axis viewed (along the b-axis) parallel to the average 

plane of the sheets. For each O–H···O hydrogen bond, only the hydrogen atom position of higher 

occupancy is shown. In (c), the labelling of the layers of TMA anions (as A and A') is discussed in 

the text. Hydrogen bonds are indicated by dashed lines. 
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Figure 3. Crystal structure of polymorph I of (TMA)2(TBA)3 showing: (a) the set of three TBA cations 

located within the "hexagonal" void space in the honeycomb network of TMA anions, and (b) the 

complete crystal structure viewed (along the b-axis) parallel to the plane of the sheets of TMA anions. 

To make it easier to identify the locations of the TBA cations, all TMA anions are displayed in pink. 

In (a), only the hydrogen atom position of higher occupancy in each O–H···O hydrogen bond is 

shown. Hydrogen bonds are indicated by green dashed lines. 
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Figure 4. Crystal structure of polymorph II of (TMA)2(TBA)3 showing: (a) the set of three TBA 

cations located within the "hexagonal" void space in the honeycomb network of TMA anions, and (b) 

the complete crystal structure viewed (along the b-axis) parallel to the plane of the sheets of TMA 

anions. To make it easier to identify the locations of the TBA cations, all TMA anions are displayed 

in pink. In (a), only the hydrogen atom position of higher occupancy in each O–H···O hydrogen bond 

is shown. In (b), the labelling of the layers of TMA anions (as A and A') and the labelling of the three 

independent TBA cations (as 1, 2 and 3) are discussed in the text. Hydrogen bonds are indicated by 

green dashed lines. 
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Figure 5. Top: experimental powder XRD data for a bulk polycrystalline sample of polymorph I of 

(TMA)2(TBA)3. Bottom: powder XRD pattern simulated from the crystal structure of polymorph I of 

(TMA)2(TBA)3 determined from single-crystal XRD. 

 

Figure 6. The two different cyclic hydrogen-bonding arrangements linking the TBA cations to the 

honeycomb sheets of TMA anions, designated in graph set notation as (a) 𝑅3
2(8) and (b) 𝑅3

3(8). 
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Synopsis 

Two polymorphs of multi-component crystals containing trimesic acid (TMA) and t-butylamine 

(TBA) in the stoichiometric ratio (TMA)2(TBA)3 are reported, with structural properties determined 

from single-crystal X-ray diffraction. The similarities and differences between the structural features 

of the two polymorphs are elucidated, and their relative energetic properties are assessed on the basis 

of periodic DFT-D calculations. 


