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ABSTRACT 

Thermal expansion (TE) behavior in solid-state materials is influenced by both molecular and 

supramolecular structure. For solid-state materials assembled through covalent bonds, such as 

carbon allotropes, solids with higher dimensionality (i.e., diamond) exhibit less TE than solids 

with lower dimensionality (e.g., fullerene, graphite). Thus, as the dimensionality of the solid 

increases, the TE decreases. However, an analogous and systematic variation of the dimensionality 

in solid-state materials assembled through noncovalent bonds with correlation to TE has not been 

studied. Here, we designed a series of solids based on dimensional hierarchy to afford materials 

with zero-dimensional (0D), 1D, and 2D hydrogen-bonded structures. The 2D materials are 

structural analogs of graphite and covalent-organic frameworks, and we demonstrate that these 2D 
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solids exhibit unique biaxial zero TE with anisotropic and colossal TE along the π-stacked 

direction (α ~ 200 MK-1). The overall behavior in the 2D hydrogen-bonded solids is similar to 2D 

covalent-bonded solids; however the coefficient of TE along the π-stacked direction for these 

hydrogen-bonded solids is an order of magnitude higher than in 2D graphite or phosphorous 

allotropes. The hierarchal materials design strategy and correlation to TE properties described 

herein can be broadly applied to design and synthesis of new solid-state materials sustained by 

covalent or noncovalent bonds with control over solid-state behaviors. 

INTRODUCTION 

 

Modulating the solid-state property of thermal expansion (TE), which describes the response of 

a material to a change in temperature,1-4 is of utmost importance for fabricating materials with 

extraordinary performance.5-9 Depending on the intended application, specific TE behaviors are 

often required. For example, materials that exhibit large TE behavior are useful for 

thermomechanical actuators and sensors.10-12 On the other hand, materials that undergo smaller 

changes in response to temperature alterations are useful in ceramics and aerospace applications.13, 

14 In the field of semiconductor and composite materials, the TE behavior of all the components 

needs to be adequately matched to avoid device failure when temperature changes occur.15-17 One 

significant challenge that materials scientists face lies in controlling a material’s structure, and this 

control is critical because structure directly influences properties.18-23 Control over solid-state 

structure is often accomplished by directing atomic or molecular self-assembly and packing in all 

dimensions.24-29 However, depending on the atomic or molecular building blocks, some 

dimensions may not be easily self-assembled with assistance from strong interactions. 
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The property of TE in solid materials is often dictated by the strength of the bonds that lie along 

each direction. Stronger bonds are typically less affected by temperature when compared to weaker 

ones.30 Specifically, in carbon allotropes, which are sustained by covalent bonds, TE decreases as 

the dimensionality increases, i.e., fullerene (0D) > graphite (2D) > diamond (3D).31-35 While 

diamond exhibits minimal overall TE, graphite exhibits anisotropic, uniaxial TE along the stacking 

direction. Carbon also exists in the form of carbon nanotubes (1D); however, TE behavior of the 

1D form depends on the length and thickness variations in the nanotubes. Analogous to carbon, 

phosphorus also exists as several allotropes including white (0D), red (1D), blue (2D), and black 

(2D).36 The two 2D allotropes comprise infinite stacks of phosphorene layers that interact via van 

der Waals forces, and TE behavior for the 2D allotropes has been explored computationally.37-39 

Calculations show that the armchair direction of phosphorene in black phosphorus is more 

expandable as compared to the zig-zag direction of phosphorene in the blue phosphorus 

allotrope.37 The TE behavior for 2D black phosphorous has also been investigated experimentally 

and anisotropic, uniaxial expansion occurs between phosphorene layers, similar to graphite.40, 41 

The 2D allotropes of carbon and phosphorous, as well as other 2D solids such as silicene, 

transition-metal dichalcogenides, hexagonal boron nitride, and covalent-organic frameworks 

(COFs), have attracted significant attention for their electronic, optical, and thermal properties.24, 

42-45 
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Figure 1. Supramolecular-bonded networks prepared through self-assembly of components, 

which are analogous to covalent-bonded networks such as carbon allotropes. In this study, the 

dashed lines represent hydrogen bonds between components. 

 

Solid materials that exhibit different dimensionalities is not unique to covalently-bonded solids 

(e.g., carbon allotropes). Organic compounds can also be assembled into solid networks of 

differing dimensionality, but held together through noncovalent bonds (Figure 1). TE behavior in 

such organic solids is dictated by the strength of the weaker, noncovalent interactions lying along 

each direction and can be anisotropic.4, 46, 47 For example, the simple carboxylic acids, 2-butynoic 

acid and oxalic acid are each known to crystallize in two different forms that differ in the 

dimensionality of intermolecular hydrogen bonding (0D to 2D). 2-Butynoic acid crystallizes in a 

0D and 1D form, and the 1D form exhibits lower TE.48 Oxalic acid crystallizes in 1D and 2D 

forms, and the 2D form exhibits slightly lower TE.49 For multi-component organic solids, similar 

TE behavior has been observed in polymorphs that both contain hydrogen bonds in 1D.50 As 

outlined above, correlation of structural dimensionality to TE behavior has been explored for 

carbon allotropes;32, 35, 51, 52 however, an analogous investigation for molecular solids assembled 

through noncovalent bonds has not been conducted.  
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We set out to design and synthesize a series of solid materials wherein the dimensionality was 

systematically increased from 0D to 1D to 2D (Figure 1). We hypothesized that as the 

supramolecular-bonding dimensionality is increased from 0D to 2D, the TE will decrease. We 

chose to use hydrogen bonds to facilitate self-assembly because hydrogen bonds are directional, 

robust, and one of the most widely used supramolecular interactions, thus, broadening the 

applicability of our strategy. We expected that the directions along which the strong hydrogen 

bonds lie in each solid would exhibit the least TE and larger expansion would occur along the other 

directions (without strong hydrogen bonds). Thus, the 2D solids, which are structurally analogous 

to graphite and COFs, may exhibit minimal expansion in two dimensions and significant 

expansion, anisotropically, along the third dimension.  

Here, we demonstrate for the first time that controlling self-assembly and structure 

dimensionality in supramolecular solids affords control over TE behavior in a manner analogous 

to covalently-bonded solids/allotropes. By increasing the hydrogen-bonding dimensionality from 

0D to 1D to 2D, the TE decreases along the direction of the strong hydrogen bonds. The 2D solids 

described here are directly relevant to graphite, COFs, and other 2D materials. In these 2D 

hydrogen-bonded materials, we, perhaps surprisingly, achieve near zero TE within the hydrogen-

bonded sheets and colossal, anisotropic TE along the π-stacked direction. This biaxial zero TE and 

anisotropic TE behavior is similar to graphite and black phosphorous; however the uniaxial TE 

coefficients for the 2D hydrogen-bonded solids here are an order of magnitude larger than graphite 

and 2D phosphorous and on par with or higher than some of the highest reported TE coefficients 

for multi-component supramolecular solids. The hierarchical approach to solid-state 

supramolecular materials design described here is broadly applicable toward design of novel 
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materials with tunable properties. Morevoer, our design strategy demonstrates how anisotropic 

behaviors can be engineered into solid-state materials.   

 

EXPERIMENTAL SECTION 

We selected aromatic carboxylic acids as the hydrogen-bond-donor molecules and bipyridines 

as hydrogen-bond acceptors. Three carboxylic acids that would afford solids of different 

dimensionalities were chosen, namely, benzoic acid (BA), terephthalic acid (TA), and trimesic 

acid (TMA). Three hydrogen-bond-accepting bipyridines including 4,4′-azopyridine (azo), 1,2-

di(4-pyridyl)ethylene (bpe), and 1,2-bis(4-pyridyl)ethane (bpeth) were also selected. 

Cocrystallization of bipyridines with: BA would yield 0D hydrogen-bonded units, TA would 

afford infinite 1D hydrogen-bonded chains, and TMA would result in 2D hydrogen-bonded sheets 

(Figure 2). The dimensionality of each solid (0D, 1D or 2D) is defined by the COO-H···N 

hydrogen bonds that direct the self-assembly of the carboxylic acid and pyridine molecules. Our 

group has already investigated the TE behavior of the 1D solids. Here, we use the previously 

reported TE data for the 1D solids and compare it to the new 0D and 2D solids synthesized here. 

It is of interest to note that the N=N and C=C groups within azo and bpe, respectively, are capable 

of undergoing conformational interconversion (often termed molecular pedal motion) in the 

crystalline state,53 which has been shown to affect TE.54, 55 
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Figure 2. Hydrogen-bond-acceptor and -donor molecules used to prepare solids with increasing 

hydrogen-bonding dimensionality (0D to 2D). 

To investigate the structural response of each solid to temperature change, variable-temperature 

X-ray diffraction data is needed. Thus, crystals of each solid suitable for single-crystal X-ray 

diffraction were prepared using slow evaporation techniques. An appropriate molar ratio of the 

two components for each solid was dissolved in an organic solvent and the solution was left to 

evaporate slowly (see ESI for individual experimental details). Some of the 0D and 2D solids have 

been previously described (noted in each section if so), but no variable temperature data has ever 

been reported. Variable-temperature single-crystal X-ray diffraction (VT-SCXRD) experiments 

were performed for each multi-component solid over the temperature range of 190-290 K, and a 

full data set was collected every 20 K (Table S1-S14). The bulk material was characterized by 1H 

NMR spectroscopy (Figure S8-S14) and powder X-ray diffraction (Figure S15-S23). The molar 

ratios of the components within each solid were confirmed by SCXRD data and 1H NMR 

spectroscopy. PASCal56 was used to calculate the principal axes of TE (X1, X2, and X3) and the 

TE coefficients for each solid using the VT-SCXRD data (Figure S1-S7, Table S15). The program 
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Mercury was used to correlate the principal axes of TE to the solid-state structure. The changes in 

unit cell lengths as a function of temperature were also calculated for each solid (Figure S24-S30).   

 

RESULTS AND DISCUSSION 

0D solids 

The multi-component solids prepared using BA as the hydrogen-bond donor all self-assemble 

into 0D hydrogen-bonded units, as designed. Two structural forms (i.e., polymorphs) were 

obtained for the 0D solids containing BA and azo (BA·azo Form-I and BA·azo Form-II). The two 

polymorphs contain the components in the same ratio; thus, the NMR spectra appear nearly the 

same. However, powder X-ray diffraction characterization successfully confirmed the 

polymorphism in the bulk materials, and preparation of each polymorph was controlled by the 

solvent used for crystallization (Figure S15). The 0D solids containing BA and bpe (BA·bpe) or 

bpeth (BA·bpeth) have been reported previously.57 Here, we obtained identical solids and 

conducted VT-SCXRD experiments for the first time.   

The asymmetric unit for all the BA-based solids contains one molecule of BA and one half of a 

molecule of the bipyridine. The components self-assemble into a discrete 0D unit via COO-H···N 

and C-H(α)···O hydrogen-bonded dimers as expected (Table S16-S18 for bond distances). In 

BA·azo Form-I, BA·bpe, and BA·bpeth, the adjacent 0D units interact via C-H···O interactions to 

form a sheet (Figure 3a, 4a, 4c). On the other hand, in BA·azo Form-II, the adjacent chains are 

twisted by 53° and interact via C-H···O and C-H···N interactions to form a sheet in an ABAB 

sequence (Figure 3c). In all the 0D solids, the sheets stack via offset face-to-face π···π interactions 

(Figure 3b, 3d, 4b, 4d). In BA·bpe, the C=C bridge of the bipyridine is disordered over two 
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positions at every temperature. The disorder is static as the site occupancies of the C=C bond 

remain nearly constant over the temperature range of 190-290 K (Table S20). 

  

Figure 3. Single crystal X-ray structures at 290 K highlighting adjacent 0D units and π stacks 

within (a,b) BA·azo Form-I and (c,d) BA·azo Form-II. The hydrogen bonds are shown with dashed 

lines; COO-H···N are green while C-H···O and C-H···N are grey. The TE axes X1 (red), X2 (blue), 

and X3 (green) are highlighted by planes and arrows. 
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Figure 4. Single crystal X-ray structures at 290 K showing adjacent 0D units and π stacks within 

(a,b) BA·bpe and (c,d) BA·bpeth. The hydrogen bonds are shown with dashed lines; COO-H···N 

are green while C-H···O are grey. The TE axes X1 (red), X2 (blue), and X3 (green) are highlighted 

by planes and arrows. Disorder has been omitted for clarity. 

1D solids 

Solids of TA with azo, bpe, and bpeth have been previously reported by our group. The two 

components in each solid self-assemble into infinite 1D chains via COO-H···N and C-H(α)···O 

hydrogen-bonded dimers. The adjacent chains interact via C-H···O hydrogen bonds to form a 

sheet, and the sheets pack into face-to-face π-stacked layers. None of the 1D solids showed 

evidence of molecular pedal motion58 (Figure 5). 
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Figure 5. Single crystal X-ray structures at 290 K highlighting adjacent 1D chains and π stacks 

within (a,b) TA·azo, (c,d) TA·bpe, and (e,f) TA·bpeth. The hydrogen bonds are shown with dashed 

lines; COO-H···N are green while C-H···O are grey. The TE axes X1 (red), X2 (blue), and X3 

(green) are highlighted by planes and arrows.  

2D solids 

The multi-component solids prepared using TMA as the hydrogen-bond donor all self-assemble 

into 2D hydrogen-bonded sheets as designed. The components of TMA·azo crystallized in 1:2 

ratio, and both crystallographically unique azo molecules exhibit disorder during the variable 

temperature experiment. The site occupancies in the azo molecules change by 21% and 17% over 

the temperature range of 190-290 K indicating dynamic conformational interconversion (motion) 

in the solid (Table 1). The solid TMA·bpe and two polymorphs of TMA·bpeth have been 
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previously reported.57, 59 Here, we obtained isostructural solids of TMA·bpe and TMA·bpeth (form 

1) and conducted VT-SCXRD experiments for the first time. The components of TMA·bpe and 

TMA·bpeth crystallized in a 2:3 ratio. Both crystallographically unique bpe molecules in 

TMA·bpe also exhibit disorder during the variable temperature study. However, the overall 

changes are significantly smaller (6% and 4%) when compared to the solid with azo (Table 1). 

One of the bpeth molecules in TMA·bpeth is also statically disordered (Table S21). 

Table 1. Major site occupancies for two crystallographically unique azo and bpe molecules in the 

2D solids over the temperature range 190-290 K. The minor site is equal to 100-the major site. 

The error is shown in parenthesis. 

Temperature (K) 
Major site occupancy (%) 

azo (1) azo (2) bpe (1) bpe (2) 

190 91 (1) 100 64 (1) 100 

210 88 (1) 100 63 (1) 100 

230 84 (1) 97 (1) 62 (1) 100 

250 80 (1) 95 (1) 61 (1) 100 

270 75 (1) 90 (1) 59 (1) 97 (1) 

290 70 (1) 83 (1) 58 (1) 96 (1) 

 

The components in all three solids self-assemble into a 2D honeycomb grid sustained by COO-

H···N and C-H(α)···O hydrogen-bonded dimers (Figure 6). Some C-H···N interactions between 

adjacent azo molecules also aid in the formation of the hexagonal grid in TMA·azo. The internal 

dimensions of the hexagonal cavities are 42 x 29 Å for TMA·azo, 46 x 31 Å for TMA·bpe, and 46 

x 32 Å for TMA·bpeth. However, this cavity space is filled by the extended packing of the 



 13 

hexagonal layers; thus, there is no void space in the solids (Figure S32). The 2D sheets self-

assemble into π-stacked layers. 
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Figure 6. Single crystal X-ray structures at 290 K showing hexagonal 2D sheet in a) TMA·azo, b) 

TMA·bpe, and c) TMA·bpeth. The hydrogen bonds are shown with dashed lines; COO-H···N are 

green while C-H···O and C-H···N are grey. The TE axes X1 (red), X2 (blue), and X3 (green) are 

highlighted by planes and arrows. The cavities in all three solids are densely packed and hence 

there is no void space. The cavity of TMA·azo is shown in part a as an example. Disorder has been 

omitted for clarity. 

 

Thermal expansion behaviors 

To investigate the impact of dimensionality on TE behavior, the TE coefficients (X1, X2, and 

X3) and the directions of the principal axes of TE (X1, X2, and X3) were calculated using the 

software, PASCal (Figure 7, Table S15). TE along X1 is the least (or most negative), while TE 

along X3 is the largest positive value. Most materials expand upon heating (positive TE, PTE), and 

very rarely, materials contract overall (negative TE, NTE) or undergo nearly no overall change 

(zero TE, ZTE) upon heating. TE is currently defined as ‘colossal’ if the coefficient is ≥ 100 MK-

1.60 Figures 3-6 above highlight the directions of the principal axes of TE with respect to the solid-

state structure.  

Although hydrogen bonds are weaker than covalent bonds, our group and others have shown 

that TE along hydrogen bonds can be minimized in solid materials. Given our design of 0D, 1D, 

and 2D hydrogen-bonded solids, we expected limited TE in the directions where the strong (COO-

H∙∙∙N) hydrogen bonds lie. Thus, the 1D solids are expected to exhibit minimal TE in one 

dimension, while the 2D solids were expected to be limited in two dimensions. 

In all of the 0D solids, mild PTE or near ZTE occurs along X1, which does indeed lie along the 

direction of the hydrogen-bonds within the 0D units (Figures 3 and 4). In the 1D solids, ZTE or 
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NTE occurs along X1, which is also the direction of the 1D hydrogen-bonded chains (Figure 5). 

Thus, the TE is limited along X1 in both the 0D and 1D solids. TE along X2 is larger for all the 0D 

and 1D solids, ranging from mild to moderate PTE.  

In all of the 2D solids, ZTE or NTE occurs along both X1 and X2, which lie along the directions 

of the hydrogen-bonded sheet (Figure 6). In the 2D solids, the NTE or ZTE also coincides 

approximately with the b and c axes (Figure S26, S28, and S30). In all the solids, regardless of the 

dimensionality, colossal PTE occurs along X3 because this third dimension is sustained by weaker 

noncovalent bonds, specifically, π stacking (Figure 7). 

Overall, the major differences in the TE between the solids is observed along X2 and X3. The 

0D and 1D solids exhibit moderate PTE and colossal PTE along X2 and X3, respectively, because 

strong hydrogen bonds only lie along X1. The 2D solids exhibit ZTE and anisotropic colossal PTE 

along X2 and X3, respectively, because strong hydrogen bonds lie along X1 and X2. Thus, in the 

2D solids, because of the biaxial zero TE, the anisotropic colossal expansion along X3 is directly 

responsible for the volumetric expansion as well. 
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Figure 7. Linear (X1, X2, X3) and volumetric (V) TE coefficients for the solids discussed here. 

The systems are highlighted as follows: 0D (red and yellow), 1D (black), and 2D (grey). Errors in 

the TE coefficients are shown in Table S15.   

 

Impact of dimensionality on TE 

The effect of dimensionality on TE can be garnered by examining a series of 0D-2D solids while 

keeping the bipyridine constant. In comparing the 0D to 1D solids, expansion along X1 in the 0D 

solid is larger than (or approximately equal to, in one case) the TE of the 1D solid. This is because 
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in the 1D solids, the strong hydrogen bonds run infinitely in 1D instead of as isolated 0D pairs (see 

Figure 1). The expansion along X2 in the 0D solid is also larger than (or approximately equal to, 

in one case) the TE of the 1D solid. For both the 0D and 1D solids, the X2 direction is sustained 

by weaker hydrogen bonds (C-H···O). However, in the 1D solids, the infinite chains of carboxylic 

acid donor molecules afford more C-H···O contact points within the X2 direction when compared 

to the 0D solids. The isolated acid groups in the 0D solids have less contacts along X2, weakening 

the direction and causing larger TE (Figure S31). The 2D solids exhibit biaxial ZTE along X1 and 

X2 because both directions comprise the strong hydrogen bonds. Thus, as the supramolecular 

hydrogen-bonding dimensionality increases, the corresponding TE along those dimensions 

decreases, analogous to the behavior of covalently-bonded carbon allotropes. 

The 2D solid-state supramolecular materials discussed here exhibit biaxial ZTE within the 

hydrogen-bonded sheet, which is coupled with colossal PTE along X3. The 2D solids containing 

bpe and azo also exhibit solid-state motion with change in temperature, which also contributes to 

the colossal PTE along X3. Due to the anharmonicity in the short and strong hydrogen bonds, the 

motion in the 2D solids results in the transverse vibrational mode dominating over the longitudinal 

mode, to afford the slight NTE within the 2D hydrogen-bonded sheet.61, 62 The 2D hydrogen-

bonded solids exhibit significant anisotropic TE along the π-stacked direction (Figure 8), and the 

coefficients of TE along this direction are 226 MK-1 (bpeth), 218 MK-1 (azo), and 164 MK-1 (bpe). 

These coefficients are on par with or higher than many of the reported TE coefficients for multi-

component supramolecular solids assembled via noncovalent interactions (Table S22). The 2D 

materials graphite and black phosphorus also exhibit anisotropic TE along the interlayer direction; 

however, the coefficients in the 2D hydrogen-bonded materials described here are significantly 

higher than other 2D materials. The experimental anisotropic coefficients for graphite and black 
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phosphorous are ca. 27 and 40 MK-1,32, 41 while the 2D hydrogen-bonded materials here are ca. 

200 MK-1.    

 

 

Figure 8. Representation of TE behavior in 2D supramolecular materials highlighting limited 

expansion within the 2D sheets and anisotropic, colossal PTE between the 2D sheets. 

 

Since all the hydrogen-bonded solids here are sustained by π-stacking interactions along the 

third dimension, we did not necessarily expect to control the volumetric TE behavior. However, 

for solids containing bpe and bpeth, the volumetric TE does indeed decrease with increasing 

dimensionality (Figure 7). The trend breaks slightly for the 2D solid containing azo because of the 

significant TE and molecular motion along X3 compared to the other azo solids in the series (Figure 

7).  
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Conclusions 

In this study, for the first time, we have shown that by systematically controlling the 

dimensionality of supramolecular solids, TE can be directly controlled in a manner analogous to 

carbon allotropes. Specifically, increasing the hydrogen-bonding dimensionality results in limited 

TE along the directions the hydrogen bonds lie. Thus, the 0D hydrogen-bonded solids, which are 

analogus to fullerene, undergo the most TE. The 2D hydrogen-bonded solids, which are analogus 

to graphite, exhibit the least TE. In the 2D solids described here, biaxial ZTE occurred within the 

hydrogen-bonded sheets and anisotropic, colossal PTE was achieved along the π-stacked direction. 

Notably, the contribution of dynamic motion in the materials is a unique feature and enhances the 

overall TE in the 2D azo based solid. Achieving anisotropic behavior in solid materials is desirable, 

yet challenging. The hierarchical materials design strategy described here offers a method for not 

only achieving anisotropic behaviors, but also controlling properties through systematic self-

assembly. Given the broad applicability of 2D solids in advanced material applications (e.g., 

electronics) and the anisotropic behavior attained, this study opens the door for investigating 

supramolecular solid-state materials synthesized using other classes of noncovalent interactions 

for self-assembly. 
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