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The role of thermodynamically stable
configuration in enhancing crystallographic
diffraction quality of flexible MOFs

He Zhao,1,2 Jiaxiang Huang,2 Pei-Pei Zhang,2 Jian-Jun Zhang,1,2,4,* Wang-Jian Fang,2 Xue-Dan Song,2

Shuqin Liu,2 and Chunying Duan1,3,*

SUMMARY

Single-crystal X-ray diffraction (SCXRD) is a widely used method for structural
characterization. Generally, low temperature is of great significance for
improving the crystallographic diffraction quality. Herein we observe that this
practice is not always effective for flexible metal-organic frameworks (f-MOFs).
An abnormal crystallography, that is, more diffraction spots at a high angle and
better resolution of diffraction data as the temperature increases in the f-MOF
(1-g), is observed. XRD results reveal that 1-g has a reversible anisotropic thermal
expansion behavior with a record-high c-axial positive expansion coefficient of
1,401.8 3 10�6 K�1. Calculation results indicate that the framework of 1-g has
a more stable thermodynamic configuration as the temperature increases. Such
configuration has lower-frequency vibration andmay play a key role in promoting
higher Bragg diffraction quality at room temperature. This work is of great signif-
icance for how to obtain high-quality SCXRD diffraction data.

INTRODUCTION

Single-crystal X-ray diffraction (SCXRD), especially its in-house version, is becoming the most powerful,

convenient, and economic technique for the structural study of crystalline samples at the atomic scale since

W. L. Bragg finished the first structure solution of NaCl (Bragg and Bragg, 1913; Huang et al., 2021; Perles,

2020). So far, the application of this technology has been extended to many disciplines (Günther et al.,

2021; Wang et al., 2020), especially for the single-crystal structure analyses of small molecules and bio-

macromolecules (Renaud et al., 2016; Yao et al., 2019) as well as metal-organic frameworks (MOFs)

(Deng et al., 2012; Park et al., 2017; Rosi et al., 2003). Low temperature is an indispensable factor of this

technology. It can usually suppress the thermal disorder of atoms to improve the diffraction quality of

the data, thereby contributing to a clear atomic-scale structure (Goeta and Howard, 2004; Howard and Pro-

bert, 2014; Lee et al., 2014). However, this rule is not fully applicable in the MOF field. The pioneering work

of Yaghi et al. shows that the diffraction quality of single-crystal data of some MOF crystals at room tem-

perature is better than that at 100 K. They also proposed that the interactions between disordered solvent

guest molecules and framework dominate the crystallographic diffraction quality (Lee et al., 2018). Consid-

ering the extreme importance of single-crystal diffraction technology in modern chemical structure

analysis, it is of great significance to further study such phenomenon and explore whether there are other

influencing factors.

Flexible metal-organic frameworks (f-MOFs), a branch of network chemistry, have the characteristics of

reversible breathing response to physical and chemical external stimuli and have broad application pros-

pects in the fields (Freund et al., 2021; Ji et al., 2020) of drug release (Wu et al., 2018), gas storage and sep-

aration (Carrington et al., 2017), or sensors (Horike et al., 2009). So far, a large number of f-MOF studies

have focused on pore adjustment or configuration changes triggered by several factors (Bigdeli et al.,

2020; Ghoufi et al., 2017; Krause et al., 2020; Kundu et al., 2019; Liu et al., 2020; Müller et al., 2018; Pang

et al., 2016; Payne et al., 2018; Sakata et al., 2013; Tanaka and Kitagawa, 2008; Vanduyfhuys et al., 2018;

Yu et al., 2019; Yuan et al., 2017), which is typically recorded by in situ powder X-ray diffraction (Llewellyn

et al., 2006, 2009). Thermodynamic factor was considered to be one of the most important factors to affect

the dynamic structural changes of some f-MOFs (Cheetham et al., 2018; Chen et al., 2017; Han et al., 2019;

Lollar et al., 2019; Nanthamathee et al., 2014; Novendra et al., 2020; Yuan et al., 2016). For example,
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thermodynamic variations of structural expansion have attracted increasing attention (Chen et al., 2017;

Mertsoy et al., 2021; Vanduyfhuys et al., 2018) and have been used to optimize materials for guest sorption

and other applications (Calvo Galve et al., 2021; Evans et al., 2016; Krause et al., 2020; Wang et al., 2019;

Yang et al., 2020). Woodfield and coworkers (Rosen et al., 2020) demonstrated for the first time that

ZIF-8 also undergoes structural deformation when adsorbing small-sized CO2 molecules by measuring

changes in thermodynamic data. Gu et al. (2020) demonstrated an effective structure-deformation-thermo-

dynamic-energy-modulation strategy, which achieved the selective adsorption of guest molecules by

f-MOF. Other studies, including the thermodynamic measurements used to study the mechanisms of

adsorption (Drout et al., 2020, 2021; Kato et al., 2020) or photocatalysis (Sun et al., 2020) in MOFs, have

also been investigated. However, the influence of thermodynamic factors on the diffraction quality of single

crystals of f-MOFs has not been reported.

This article reports an abnormal crystallographic phenomenon in the single-crystal diffraction data of an

f-MOF (Me2NH2)[Zn2(L)(H2O)]$3DMA$3H2O (1-g) (H5L = 2,5-(6-(3-carboxyphenylamino)-1,3,5-triazine-2,4-

diyl-diimino)diterephthalic acid) (DMA = N,N-dimethylacetamide), which is prepared according to refer-

ence with some modifications (Zhao et al., 2018). Three SCXRD diffraction datasets of one same single

crystal of 1-g were collected at 150, 200, and 291 K, respectively, and their comparison reveals that the

data quality follows the sequence data (291 K) > data (200 K) > data (150 K). 1-g also bears an anisotropic

thermal expansion with a record-high c-axial expansion coefficient up to 1,401.8 3 10�6 K�1 that is mainly

dominated by the configuration change of the dinuclear node. In situ variable temperature powder X-ray

diffraction (VT-PXRD) study shows that the dynamic changes of the framework are reversible. Such breath-

ing behavior is caused by the cooperation of solvent guest molecules and temperature. Calculation based

on density functional theory (DFT) reveals that the framework configuration at 291 K is more thermodynam-

ically stable and also bears lower vibrational energy than that at 150 K, which suggests that a more thermo-

dynamically stable configuration may dominate the crystallographic diffraction quality of 1-g. Details of the

experiments and calculations are presented.

RESULTS AND DISCUSSION

Crystal diffraction analysis

1-g crystallizes in the tetragonal I4 space group. Its framework is constructed by {Zn24(L)8} supramolecular

building block (SBB) whose structure can be described as a cavity with a diameter �20 Å (Figures 1F and

S1). The X-ray diffraction data of the as-synthesized single crystal of 1-g were collected at 291, 200, and

150 K, respectively. Remarkably, the results show that the intensity of diffraction points (along the (hk0) di-

rection) in the high-angle region at 291 K is significantly stronger than those at 150 K. The related highest

resolution values (dmin) calculated at I/s = 3 increase from 0.75 (291 K) to 0.97 (150 K) (Figure S2, Table S1).

To rule out that this abnormal phenomenon is caused by the quality difference of different crystals and the

different degrees of weathering when the crystal is exposed to the air for different times, successive SCXRD

experiments using the same single crystal were carried out from low to room temperature. The same trend

with improved diffraction data at higher temperatures is observed (Figures 1A–1C). The corresponding

dmin values are 0.98 (150 K, initial), 0.84 (200 K), and 0.75 Å (291 K, final), respectively (Table S2). Mosaicity,

an index that depicts themisalignment of the domains in the crystal (Guionneau et al., 2012), was measured

during the whole data collection process, and the corresponding values are 0.41 (150 K), 0.40 (200 K), and

0.39 (291 K), respectively (Table 1). The decrease in mosaicity is also consistent with the abnormal diffrac-

tion phenomenon.

Wilson plot, a statistical protocol to analyze the average attenuation of X-ray scattering by thermal motion,

is adopted here to quantify the quality of collected diffraction datasets (Figure 1D) (YÜ, 1942). The fitted

linear slope is -2B, where B (temperature factor) is proportional to the mean displacement of the atoms

in the unit cell (Sun et al., 2019). A smaller B is preferable due to smaller thermal motion of the atoms allow-

ing a more precise structure. The integrated data show that the B factor shows an overall downward trend

with increasing temperature, and its value drops from 5.425 (150 K) to 3.32 (291 K) Å2 (Table 1). The total

diffraction intensity (ƩI(hkl)) also increases with temperature.

In situ VT-PXRD experiment of 1-g was also carried out from 150 to 650 K. The results show that the diffrac-

tion intensity of the peak at 8.72� (2q), corresponding to the (211) and (310) crystal planes, gradually

increases as the temperature increases from 150 to 290 K and at the same time the peak shape becomes

narrower. Similar phenomena were also observed for high-angle diffraction peaks that correspond to the
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(620), (422), and (431) crystal planes (Figures 1E and S3). These observations indicate that the crystallinity of

1-g increases as the temperature increases from 150 K to 290 K, which is consistent with the observed

single-crystal diffraction results. When the temperature further increases, the diffraction peak of 1-g de-

creases until it transforms into an amorphous phase at 650 K. In addition, the final single-crystal structure

refinement results show that when the temperature increases, the Zn atomic displacement parameter

(ADP) decreases from 0.08185 (150 K) to 0.04487 (291 K) Å2 (Table 1), indicating a lower positional disorder

at a higher temperature for 1-g.

Breathing behavior of 1-g

The refined unit cells of the three datasets of 1-g collected at 150, 200, and 291 K present an anisotropic

thermal expansion. The a (and b) axis decreases from 30.530 (150 K) to 29.8612 (200 K) to 29.590 (291 K)

Å, and the corresponding thermal expansion coefficients are �438.1 3 10�6 (150–200 K) and �218.4 3

10�6 K�1 (150–291 K), respectively. Similar phenomena were also observed in literature reports (Henke

et al., 2013; Zhuo et al., 2020). In contrast, the length of the c axis increases from 14.607 (150 K) to

15.6308 (200 K) to 16.196 Å (291 K) with expansion coefficients of 1,401.8 3 10�6 (150–200 K) and

771.5 3 10�6 K�1 (150–291 K), respectively (Table 1). The positive expansion coefficient of the c axis

(1,401.8 3 10�6 K�1) greatly exceeds the reported records of 653.2 3 10�6 K�1 for MOFs (Pang et al.,

2016) and 1,200 3 10�6 K�1 for polymers (Shen et al., 2013). Totally, as the temperature rises, the unit

cell volume increases by about 4.0%, and the corresponding solvent-accessible volume has the same

increasing trend (Table S3, Figure S4).

Such an anisotropic thermal expansion behavior is usually related to changes in the framework configura-

tions (Burtch et al., 2019; Henke et al., 2013; Pang et al., 2016; Yeung et al., 2016). Therefore, we first inves-

tigated the configuration changes of the ligands in the framework during the temperature change process.

The refined crystal structure of 1-g shows that there are strong intraligand N-H$$$O hydrogen bonds

Figure 1. Temperature-dependent diffraction investigation of as-synthesized crystal of 1-g

(A–C) Synthesized process images of (hk0) of the data collected at (A) 150 K (initial), (B) 200 K (medial), and (C) 291 K (final). The highest reflection resolution

dmin is appended at the lower left, and d = 0.90 Å as a reference is marked with a circle.

(D) Wilson plots of the data collected at 150 K (initial), 200 K (medial), and 291 K (final).

(E) VT-PXRD patterns for 1-g as the temperature increases from 150 to 650 K.

(F) The structure of the {Zn24(L)8} SBB. The cavity is represented as a yellow ball. Color code: gray, C; red, O; azure, N; gold polyhedral, Zn.
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(Figure S5), in which the secondary amino group (-NH) acts as H-donor and the adjacent carboxylate oxy-

gen as H-acceptor. As the temperature changes, the bond length and bond angle hover in the ranges of

2.58–2.61 Å and 130.8� � 134.1�, respectively (Table S5). However, the change in the configuration of the

ligand is still relatively small compared with those reported in the literature (Garai et al., 2020; Pang et al.,

2016). Therefore, the configuration distortion of the ligand in the framework during the temperature

change process cannot be the main reason for the large thermal expansion coefficient.

Furthermore, the influence of the configuration change of the metal node on the thermal expansion

behavior of the compound during the temperature change process was studied. The binuclear quasi-pad-

dle-wheel unit {Zn2(L)3} (Figure 2), constituted by two zinc ions and three deprotonated ligands, is selected

as an analysis model. The unit has three bridged carboxylate groups (COO1, COO2, and COO3) and two

axial mono-coordinated carboxylate groups (Figure 2A). The two coordination angles, C22-O9-Zn2 and

C22-O10-Zn1 formed by the coordination of COO1 and Zn2+ ions along the c direction, both increase

with increasing temperature. The former increases from 123.7� to 132.0�, whereas the latter increases

from 132.5� to 134.0�. Also, the related torsion angle of Zn1-C26-O9-Zn2 decreases from 51.1� to 25.6�.
In contrast, both COO2 and COO3 groups bear a one-way swing, resulting in an opposite variation of

the C-O-Zn bond angle in each carboxylic group with increasing temperature. Interestingly, when temper-

ature increases to 291 K, the bond angles related to the COO2 group (:C24-O5-Zn1 [150.3�] and C24-O6-

Zn2 [119.7�]) are almost the same as those of the COO3 group (:C22-O2-Zn2 [150.6�] and :C22-O1-Zn1

[119.6�]) (Figures 2A–2D). This symmetrical evolution of the framework may help reduce the structural en-

ergy (Gong et al., 2016). More importantly, with the changes in the bond angles and torsion angles related

to the carboxylate group, the two key angles (:O1-Zn1-O5 and:O6-Zn2-O9) that determine the opening

of the binuclear unit have also changed accordingly.:O1-Zn1-O5 decreases from 109.2� (150 K) to 105.6�

(291 K), whereas:O6-Zn2-O9 increases from 93.6� (150 K) to 108.9� (291 K). This change in the coordination

angles promotes the expansion of the ‘‘wheel paddle’’ in the {Zn2(L)3} unit from 94.7� (150 K) to 113.4� (291
K), which further leads to a size increase from 23.17 Å (150 K) to 24.50 Å (291 K) of the {Zn24(L)8} SBB along

the c direction (Figure 2F). The aforementioned results reveal that the structural expansion behavior of the

compound with increasing temperature is mainly dominated by the configuration change of the inorganic

node. Similar results have also been reported by Kitagawa and coworkers (Matsuda et al., 2004).

In situ VT-PXRD experiments of 1-g from 290 K to 150 K, and then from 150 K to 290 K, were carried out to

study the dynamic changes of the framework during the temperature cycle process (Figure 3). The results

show that when the temperature drops from 290 K to 150 K, the diffraction peaks of (211) and (620) gradually

shift to a higher angle, and themaximumdisplacement values are 0.16� and 0.30� for the two peaks, respec-

tively. When the temperature returns from 150 K to 290 K, the diffraction peaks gradually return to the initial

positions. Such results indicate that the interplanar spacing of (211) and (620) plane changes reversibly ac-

cording to Bragg’s law (2dsinq = nl), which means that the crystal of 1-g bears a reversible expansion/

contraction during the cycle. Second, the diffraction peaks of (211), (431), and (620) are relatively sharp at

the initial temperature (290 K) and gradually passivated as the temperature drops to 150 K, and then the

peaks recover when the temperature rises to 290 K. The aforementioned results further prove that the crys-

tallinity of crystal 1-g gradually increases with increasing temperature, and this phenomenon is reversible.

Breathing behavior induced by the solvent guest molecules and temperature

The solvent guest molecule in the framework is generally considered to be one of the important factors

affecting the breathing behavior of the framework (Carrington et al., 2017; Dybtsev et al., 2004). Therefore,

Table 1. Temperature-dependent structure parameters and diffraction data quality of 1-g

temp (K) B (Å2)

Zn atomic

displacement

parameters (Å2) Dimensions (Å)

Expansion

coefficients

(3 10�6 K�1) Void (Å3) Unit cell (Å3)

Resolution (Å)

at < I/s> = 3 mosa. (deg)

150 5.43 0.08185(5) a = 30.530(3)

c = 14.607(3)

0

0

9,421.7 (69.2%) 13,615.0 0.98 0.41

200 2.57 0.033215(10) a = 29.8612(8)

c = 15.6308(7)

aa = �438.1

ac = 1,401.8

9,759.0 (70.0%) 13,937.9 0.84 0.40

291 3.32 0.04487(10) a = 29.590(6)

c = 16.196(5)

aa = �218.4

ac = 771.5

10,160.9 (71.7%) 14,181.0 0.75 0.39
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a new phase (1-e) with some solvent molecules removed was obtained by heating 1-g under vacuum at 353

K and was used to study the crystallographic behavior of solvent loss crystal. Thermogravimetric analysis

(TGA) and differential scanning calorimetry results show that solvent molecules in 1-e still account for

�19% of the weight (Figures S6 and S7). Therefore the formula of 1-e is 1,2DMA,2H2O, as also confirmed

by elemental analysis.

Single-crystal diffraction results show that the diffraction ability of 1-e at 150 K and 291 K is almost the same,

and the highest diffraction angles (2q) are 11.88� and 12.09� for the data collected at the two temperatures,

respectively. Unfortunately, due to the serious lack of collected data, it is impossible to refine the precise

structure and related lattice parameters of 1-e. In situ VT-PXRD method is also employed to check the dy-

namic changes of the framework of 1-e during a temperature cycle process of 151 K/ 301 K/ 151 K. The

results show that the diffraction peak of 1-e does not change significantly with the change of temperature

(Figures S8 and S9). By comparing the in situ VT-PXRD results of 1-e and 1-g, it can be determined that when

the content of guest solvent molecules in 1-g exceeds a certain critical value, the solvent molecules

become the key factor in inducing the breathing behavior of the framework. Temperature is a stimulus fac-

tor for this behavior. A similar result has also been reported by Kundu et al. (2019).

Furthermore, the effect of surface tension of solvent on such breathing response is also considered (Kundu

et al., 2019). First, four mixed solvents of DMA+H2Owith different surface tensions (38.21, 40.98, 42.95, and

46.76 mN/m) were prepared by adjusting the ratio of the two solvents. Second, four crystals were prepared

using the same H5L and Zn(NO3)2 6H2O raw materials as that of 1-g, but the aforementioned four mixed

Figure 2. Detailed configuration changes of the 1-g at different temperatures

(A) The refined configuration of binuclear unit {Zn2(L)3} (top) and the coordination detail of the binuclear unit (bottom).

(B–D) The changes of bond angle and torsion angle of the binuclear cluster as the temperature rises from 150 (B), 200 (C), and 291 K (D).

(E) The changes of binuclear {Zn2(L)3} unit as the temperature increases.

(F) Corresponding cavity sizes ({Zn24(L)8}) of 1-g at different temperatures (the rectangular box represents the unit cell).
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solvents were used as the synthesis solvents, respectively. TGA results of the four samples show that the

DMA:H2O ratio of the guest solvents of the samples is different, which means that they have different ten-

sions (Figure S10A). The SCXRD data of the four crystals were collected at 150 and 291 K, respectively. How-

ever, the results show that the diffraction data quality and lattice parameters of the four crystals are almost

undifferentiated at the same temperature (Tables S6 and S7). Interestingly, when these mixed solvents with

different surface tensions were frozen to the liquid nitrogen temperature, they have similar gross shrinkage

(Figure S10B). Therefore, the change of surface tension of the captured solvent molecules has little effect

on the breathing behavior of the framework.

Mechanisms dominating the inverse crystallographic diffraction

Disordered interactions in f-MOF

When studying the factors that affect the quality of crystal diffraction, Yaghi et al. (Lee et al., 2018) sug-

gested that the reduction of the interaction between the guest and the host can reduce the vibration of

the framework, thereby increasing the diffraction intensity. Therefore, the influence of the host-guest inter-

action on the diffraction of the crystal in this paper was studied.

Such interactions can be evaluated by comparing the intensity of the residual electron clouds (RECs) asso-

ciated with the guest solvent molecules at different temperatures. Disordered guest molecules in the cavity

of MOFs often produce irregular diffraction of X-rays, which appear as a large number of RECs after

resolving the frameworks of MOFs. These RECs cannot be used to figure out the precise structure of the

solvent in the cavity, and PLATON software (Spek, 2008b) is typically used to calculate and remove these

electrons (Spek, 2015). However, for the same crystal, the visualization of the residual electron density of

the data collected at different temperatures can directly reflect the degree of temperature-dependent dis-

order of the guests in the cavity (He et al., 2017; Takashima et al., 2014). Generally, the weaker the RECs, the

more disordered the guest molecules inside the framework (Lee et al., 2018; Ryland, 1958).

A detailed comparison of the data of 1-g collected at different temperatures shows that the visualized Four-

ier-synthesized 3D electron density (FO - FC) of the guests in the unit cell presents a sparser local residual

electronic density with increasing temperature (Figures 4A–4C). For example, the high residual electronic

density (red region) in the unit cell in the data collected at 150 K is hardly observed in the 291 K data, and a

large amount of low residual electron density (green area) also disappears. Besides, the electron counts in

the unit are found to be 1,591 (150 K), 1,655 (200 K), and 1,463 (291 K), respectively. These observations indi-

cate that the guest molecules become more disordered at higher temperatures, resulting in lower solvent

strain interacting with the framework, which may promote stronger diffraction intensity at a high angle. A

similar phenomenon has also been observed in the literature (Lee et al., 2018). However, the aforemen-

tioned experimental results show that the surface-tension-dependent changes in lattice and diffraction res-

olution of 1-g are negligible (Tables S6 and S7), suggesting that the disordered host-guest interactionsmay

not be the key factor to control the quality of the crystal diffraction.

Figure 3. In situ VT-PXRD patterns for 1-g as the temperature swings from 290 to 150 then back to 290 K (left)

and the crystal plane in the unit cell (right).
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Thermodynamically stable configuration in 1-g induced by thermal-solvent cooperatively

The breathing behavior of 1-g inspired us to further speculate that temperature and solvent probably may

co-induce a more thermodynamically stable configuration at room temperature, leading to a reduction in

framework vibration, thereby enhancing the quality of crystal diffraction. That is to say, the contracted

framework of 1-g at cryogenic temperature possesses higher thermodynamic energy, thereby decreasing

the intensity of Bragg reflections. On the contrary, the expansive framework at higher temperatures can

have lower thermal vibrations, resulting in a more thermodynamically stable configuration.

We carried out theoretical studies on 1-g’s three configurations 1-g-150 (150 K), 1-g-200 (200 K), and 1-g-

291 (291 K) induced by the breathing behavior. Geometry optimization and internal energy calculation

were performed using the periodic density functional theory (PDFT) method through the DMol3 module

in the Material Studio software package (Tables S8 and S9) (Delley, 1990, 2000). The calculated results

show that the optimized values of 4 of models 1-g-150, 1-g-200, and 1-g-291 are 86.8�, 102.4�, and
110.6�, respectively. Interestingly, of the three configurations, 1-g-150 has the highest relative energy,

whereas 1-g-291 has the lowest. Similar unit cell volume-dependent energy change has also been

observed in the literature (Coudert et al., 2008; Iacomi et al., 2021). The energy difference of unit cell be-

tween 1-g-150 and 1-g-200 (DE1) is 1.71 kcal/mol, and the DE2 between 1-g-200 and 1-g-291 is 0.61 kcal/

mol (Figure 5A). That is, among the above three configurations, 1-g-291 is the most thermodynamically sta-

ble one, followed by 1-g-200, and finally 1-g-150. This sequence is positively correlated with the corre-

sponding temperature-dependent diffraction quality of the crystal.

Then the thermodynamic vibration energy of the three configurations was evaluated. The {Zn2(L)3} binu-

clear unit, which could represent the configuration characteristics of the framework, was truncated from

each optimized framework, and the corresponding models were named as {Zn2(L)3}-150 (150 K),

{Zn2(L)3}-200 (200 K), and {Zn2(L)3}-291 (291 K), respectively. The vibrational frequency of each model

was calculated using the DFT method, and the results are listed in Table S10. The contribution of three

kinds of relative kinetic energies including translational, rotational, and vibration energy is shown in the ra-

dar chart of Figure 5B. The results show that the translational and rotational energies of the three models

are the same (DEt = 0, DEr = 0), but their vibrational energies are different. Taking the vibrational energy of

{Zn2(L)3}-291 as a reference, {Zn2(L)3}-150 presents the maximum relative vibration energy (DEv1 =

0.57 kcal/mol), followed by {Zn2(L)3}-200 (DEv2 = 0.37 kcal/mol). This sequence is also consistent with

that of the configuration-dependent energy.

Therefore, these results suggest that the framework of 1-g gradually transfers to a more thermodynamically

stable configuration as the temperature increases, and the thermodynamically vibrational energy of the

framework decreases, reducing the disorder of the framework, thus promoting the crystallographic diffrac-

tion quality of 1-g.

On the basis of the aforementioned observations, it is clear that a high crystallographic diffraction quality

probably can be induced not only by a lower test temperature but also by a more thermodynamically stable

Figure 4. Fourier-synthesized 3D electron density (FO - FC) in the pores of 1-g at different temperatures

(A–C) The 3D electron density maps of the guest molecules in the unit cell of 1-g at 150 (A), 200 (B), and 291 K (C), respectively. The levels of the electron

density (FO - FC) are marked by red, blue, and green isosurfaces. The framework in the unit cell is shown here to facilitate the evaluation of the relative position

of the electron density.
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configuration of the framework or the decreased disordered guest-host interaction. Whether it is better to

collect the single-crystal diffraction data at low or room temperatures depends on the factor that plays the

dominating role among the three of them. This work suggests that for crystals with poor crystallographic

diffraction at low temperature, one can try to adjust the test temperature to see whether a more thermo-

dynamically stable configuration can be induced, thereby improving diffraction quality and structural

resolution.

Conclusions

In summary, this work shows an abnormal crystallography in the f-MOF of 1-g, that is, the diffraction quality

of the single crystal at cryogenic temperature is lower than that collected at a higher temperature. Frame-

work 1-g presents a reversible breathing behavior accompanied by an anisotropic thermal expansion

behavior with a record-high c-axial positive expansion coefficient of 1,401.8 3 10�6 K�1, which is induced

by thermal and guest-solvent cooperatively. Disordered solvent-framework interaction is not considered to

be the main factor in affecting the abnormal crystallography. Calculation results suggest that the thermo-

dynamic energy of the framework configuration decreases with the increase of temperature, indicating that

the thermodynamics of the configuration is more stable at a higher temperature. Such a stable configura-

tion also exhibits a lower vibrational frequency, thereby reducing the disorder of crystallography and

improving diffraction quality. This work not only enriches the fundamental research of crystallography

but also provides a new clue on how to improve the test data quality of X-ray single-crystal diffraction

technology.

Limitations of the study

This work focuses on an interesting phenomenon that a high-quality Bragg diffraction of an f-MOF prefers a

thermodynamically stable configuration, but it details only one MOF. Furthermore, thermodynamics of the

f-MOF was considered to affect its crystallographic diffraction behavior, but the kinetics, including the

changes of guest solvent when temperature increases, should be considered in future studies.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Jian-Jun, Zhang (zhangjj@dlut.edu.cn)

Materials availability

The MOFs were synthesized and characterized according to a reported method with some modifications

(Zhao et al., 2018). A more detailed procedure can be found under method details.

Data and code availability

The crystal data of 1-g-150-initial, 1-g-200, and 1-g-290-final have been deposited at the Cambridge Crys-

tallographic Data Centre (CCDC) and are publicly available as of the date of publication. Accession

numbers are listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

METHOD DETAILS

General

All chemicals obtained were used without further purification. Thermogravimetric analyses (TGAs) exper-

iments were carried out under a nitrogen atmosphere with a heating rate of 10�C/min using a TA-Q50

thermogravimetric analyzer. A Vario EL III Elemental Analyzer was used to analyze the elements of C, H,

andN. Powder X-ray diffraction (PXRD) experiments weremeasured on a D/MAX-2400 X-ray Diffractometer

(Cu–Ka radiation, l = 1.54059 Å). Variable temperature powder X-ray diffraction patterns for samples were

obtained in the Empyrean-100 instrument. The powder samples with homogeneous granularity were

sealed in a glass capillary of 0.5 mm internal diameter.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Cyanuric chloride Aladdin CAS: 108-77-0

Sodium hydroxide Aladdin CAS: 1310-73-2

Sodium bicarbonate Aladdin CAS: 144-55-8

2-Aminoterephthalic Acid Aladdin CAS: 10312-55-7

3-Aminobenzoic acid Aladdin CAS: 99-05-8

Acetone Sigma-Aldrich CAS: 67-64-1

Ethanol Aladdin CAS: 64-17-5

N-N-Dimethylacetamide (DMA) Aladdin CAS: 127-19-5

Zinc nitrate hexahydrate (Zn(NO3)$6H2O) Aladdin CAS: 10196-18-6

hydrochloric acid (HCl, 37%) Sigma-Aldrich CAS: 7647-01-0

1-g-150-initial CCDC 2084019

1-g-200 CCDC 2084020

1-g-290-final CCDC 2084018
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The thermal expansion coefficient was calculated by the equation: al = (l-l0)/(l03(T-T0)), where l0 is the initial

length of the unit cell, T0 is the initial temperature for collecting diffraction data; l is the length of unit cell

collected diffraction data at a changed temperature T.

Synthesis of ligand (H5L)

The cyanuric chloride (2.3 g, 12.5 mmol) was firstly dissolved in 15.0 mL of acetone, then the solution was

added drop-wise to an aqueous solution (50 mL) which contained 2-aminoterephthalic acid (4.5 g,

25 mmol), NaOH (2.0 g, 50 mmol) and NaHCO3 (2.1 g, 25 mmol). The mixture was stirred at 45�C for

3.5 h. The intermediate was precipitated out after adding excess EtOH in above solution, collected by filtra-

tion and dried in the air. The intermediate was dissolved in 25 mL H2O which firstly contained 3-aminoben-

zoic acid (1.4 g, 10 mmol), NaOH (0.4 g, 10 mmol) and NaHCO3 (0.85 g, 10 mmol). Then the solution was

refluxed at 100�C for 15 h. The solution is cooled naturally to room temperature and then acidified with

6 M HCl until pH = 2 to precipitate the product which was collected by filtration, washed with H2O and

EtOH, and dried in a vacuum desiccator to give 11.6 g (81%) of H5L (2,5-(6-(3-carboxyphenylamino)-

1,3,5-triazine-2,4-diyldiimino) diterephthalic acid).

Synthesis of (Me2NH2)[Zn2(L)(H2O)]$3DMA$3H2O (1-g)

The synthesis was carried out following a slightly modified condition based on the previously reported pro-

cedure (Zhao et al., 2018). A mixture solution containing 0.04 mmol 2,5-(6-(3-carboxyphenylamino)-1,3,5-

triazine-2,4-diyldiimino) diterephthalic acid (H5L) and 0.04 mmol Zn(NO3)2$6H2O in DMA/H2O(2.4 mL/

1.6 mL) in a 20 mL scintillation vial was heated at 115�C for 3 d. Homogeneous block single crystals with

a size range from 1 to 3 mm were obtained on the wall of the vial.

Synthesis of MOFs in the solvent with various surface tension

The surface tension of the solvent is tunable by controlling the amount of H2O added. 0.04 mmol 2,5-

(6-(3-carboxyphenylamino)-1,3,5-triazine-2,4-diyldiimino) diterephthalic acid (H5L) and 0.04 mmol

Zn(NO3)2$6H2O is dissolved in 2.4 mL DMA. Then a different amount of H2O with 0.4, 1.2, 1.4, or 3.0 mL

is added to the mixture, respectively. The scintillation vial with the mixture was capped and heated at

115�C for 3 d. Homogeneous block single crystals with a size range from 1 to 3 mm were obtained on

the wall of the vial.

Synthesis of 1-e

The fresh-synthesized crystal 1-g was filtered out from the mother liquor and washed for 2 min with DMA

continuously. The dried filter paper was used to blot up the solvent on the crystal surface. The crystal then

was evacuated in a vacuum under 80�C holding 10 hours. The sample was naturally cooled to room tem-

perature and the evacuated crystal 1-e was stored in a dry and sealed sample tube.

The surface tension measurement

The surface tension of the solution was measured by the instrument K12 (Kruss Company) using the Wil-

helmy hanging plate method. The surface tension of each solution was the average value of 5 tests within

1 min. After each test, the cuvette was strictly dried, and the platinum plate was cleaned with ethanol, and

the platinum plate was fired with an alcohol lamp to remove the ethanol.

Single crystal X-ray crystallography

Data processing, structure solution, and refinement: X-ray intensity data were measured on a Bruker

SMART APEX III CCD-based diffractometer (Mo–Ka radiation, l = 0.71073 Å) using the SMART and SAINT

programs. (SMART Data collection software, version 5.629; Bruker AXS Inc.: Madison, WI, 2003. SAINT Data

reduction software, version 6.45; Bruker AXS Inc.: Madison, WI, 2003.) The crystal data was resolved by

direct methods and further refined by full-matrix least-squares refinements on F2 using the SHELXL-2018

software (Sheldrick, 2015) and an absorption correction was performed using the SADABS program (Shel-

drick, 2015). For the refinement of the corresponding crystals, the non-hydrogen atoms were refined aniso-

tropically. Hydrogen atoms were fixed geometrically at calculated distances and allowed to ride on the

parent non-hydrogen atoms. Since the (Me2NH2)
+ counter cations and the disordered solvents (DMA

and H2O) could not be unambiguously modeled, the PLATON/SQUEEZE program (Spek, 2008a, 2008b)

was utilized to calculate the solvent disorder area and remove its contribution to the overall intensity data.
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Wilson plot, unit cell parameter, correlation coefficient, Fourier synthesis of electron density map, and

mosaicity: Wilson plots were generated with PLATON using .ins and .hkl files for Wilson plots (Lee et al.,

2018). Unit cell parameter refinements were carried out by integrating diffraction data and updating the

matrixes in .p4p files using APEX3 software until the parameters were converged. Correlation coefficients

were calculated by XPREP software using .hkl files generated by SADABS. Mosaicity was obtained from the

p4p file after integrations with APEX3, where themosaicity was estimated using averaged reflection shapes

in the xy plane of the detector. Electron density map in pores was Fourier synthesized using VESTA software

(Momma and Izumi, 2011) with .fab files generated after SQUEEZE.

Variable temperature powder X-ray diffraction (VT-PXRD): This experiment was performed on an

Empyrean-100 instrument using an Anton Paar TTK-450 in a vacuum (Cu–Ka radiation, l = 1.54059 Å).

The one-way Temperature Rise Test was carried out at temperatures between 150 and 650 K and the Swing

Temperature Test was studied from 290 K down to 150 K then heating back to 290 K. Each pattern was re-

corded within the 5-30� range (2q) at the corresponding temperature.

Computational details

All calculations were performed by theMaterials Studio package. PDFT calculations were performed by the

Dmol3 module, (Delley, 1990, 2000) using the generalized gradient approximation (GGA) with the Perdew-

Burke-Ernzerhof (PBE) functional and the double numerical plus d-functions (DNP) basis set, TS for DFT-D

correction, and the Effective Core Potentials (ECP). The energy, force, and displacement convergence cri-

terions were set as 1 3 10�5 Ha, 2 3 10�3 Ha, and 5 3 10�3 Å, respectively.

The frequency of the binuclear nodes were calculated at the level of B3LYP (Stephens et al., 1994).

LANL2DZ (Hay and Wadt, 1985) basis sets were used for metal atom Zn, while the 6-31g* basis sets were

taken for other atoms (C, H, N, O) using Gaussian 16 program (Frisch et al., 2016; Liu et al., 2018). The en-

ergy was corrected by DFT-D3 dispersion correction method (Grimme et al., 2010).
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