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1 Experimental Section 

1.1 Materials and instruments 

All reagents were commercially available and used without purification except otherwise specified. 

4-(1H-pyrazol-4-yl)benzoic acid (H2pba) was synthesized according to the literature method.1 Elemental analyses 

(EA) were performed on a Vario EL elemental analyzer. Powder X-ray diffraction (PXRD) data were obtained by 

a Bruker D8 ADVANCE/DISCOVER X-ray powder diffractometer (Cu Kα). Thermogravimetry analyses were 

conducted on a TA Q50 instrument under N2 atmosphere with a heating rate of 10.0 K/min. Gas adsorption 

isotherms were collected on a Micrometrics ASAP 2020M instrument. Before gas adsorption experiment, the 

sample (ca. 100 mg) was placed in the sample tube and heated under high vacuum at 523 K to remove the remnant 

guest molecules. 

1.2 Synthesis 

Zn(NO3)2·6H2O (60 mg, 0.2 mmol) and H2pba (37.6 mg, 0.2 mmol) were dissolved in a mixture of DMA (1.5 

mL), MeOH (4 mL) and toluene (Tol, 1.5 mL). Then the solution was sealed in a 15-mL Teflon reactor and heated 

at 393 K for 3 days. After cooling to room temperature at a rate of 10 K/h, prism-shaped crystals of 

[Zn(pba)]∙0.5Tol (1∙t) were filtered, washed by Tol, and dried in air (yield ~70%). The crystals of 1∙t were heated 

at 523 K for 180 minutes under nitrogen flow or vacuum to give [Zn(pba)] (1). EA calculated (%) for 

[Zn(pba)]∙0.5H2O (C10H7N2O2.5Zn): C 46.10, H 2.71, N 10.75; found C 45.94, H 2.52, N 10.76. 

1.3 Single-crystal X-ray diffraction 

Single-crystal X-ray diffraction (SCXRD) data were collected on a Bruker D8 QUEST diffractometer (Mo Kα). 

The data collection and reduction were carried out using the Bruker APEX3 program. The specimen of [Zn(pba)] 

was sealed in a glass capillary under vaccum. The test temperature was controlled by dry N2 open flow using an 

Oxford Cryosystem K450 cooler system, and corrected by a thermal couple. The structures were solved by the 

direct method and refined by the full-matrix least squares method on F2 using the SHELXTL software package in 

OLEX2. Anisotropic thermal parameters were used to refine all non-hydrogen atoms. Hydrogen atoms were 

generated geometrically. 



 

2 Figures and Tables 

 

 

Figure S1. The asymmetric units of 1 at (a) 148 K, (b) 298 K and (c) 473 K and 1∙t at (d) 148 K and (e) 298 K. A 

= 1-x, y, 3/2-z; B = 1/2+x, 1/2-y, -1/2+z; C = 3/2-x, 1/2+y, 3/2-z; D = -1/2+x, 1/2-y, 1/2+z. 

 



 

Figure S2. (a) Top and (b) side views of the loacations of Tol guests in the sql layers of 1∙t at 298 K (Two-fold 

symmetric disordered Tol guests are shown in pink and violet, respectivley). Displacement of phenyl ring center 

of Tol (pink sphere) from the grid center of the sql net (black cross) at (c) 148 K and (d) 298 K in 1∙t. 
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Figure S3. Thermogravimetry curves of 1 and 1∙t.  
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Figure S4. PXRD patterns of 1 at 298 K and variable-temperature PXRD patterns of 1∙t.  



0.0 0.2 0.4 0.6 0.8 1.0

0

1

2

3

4

5

6

7

A
d

so
rp

tio
n 

(m
m

o
l g

-1
)

P/P0

/  N2 77 K

(a)

0.00 0.02 0.04 0.06

0.0000

0.0001

0.0002

0.0003

0.0004

0.0005
Equation y = a + b*x
Plot N2 77 K
Weight No Weighting
Intercept 3.90635E-7 ± 4.38404E-7
Slope 0.0069 ± 2.05606E-5
Residual Sum of Squares 2.62E-11
Pearson's r 0.99994
R-Square (COD) 0.99988
Adj. R-Square 0.99988
BET surface / cm3 g-1 631

 N2 77 K        

 linear fitting

1/
[V

*(
1/

(P
/P

0
)-

1)
] (

cm
3 /g

)

P/P0

(b)

 

0.0 0.2 0.4 0.6 0.8 1.0

0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008
Equation y = a + b*x
Plot N2 77 K
Weight No Weighting
Intercept 7.88906E-6 ± 3.64302E-6
Slope 0.00643 ± 8.49925E-6
Residual Sum of Squares 1.38E-08
Pearson's r 0.99996
R-Square (COD) 0.99993
Adj. R-Square 0.99992
Langmuir surface / cm3 g-1 677

 N2 77 K        

 linear fitting

(P
/P

0)
/V

 (
cm

3 /g
)-1

P/P0

(c)

 

Figure S5. (a) N2 (77 K) adsorption (solid) and desorption (open) isotherms of 1. (b) BET and (c) Langmuir 

fitting results of the adsorption isotherm.  



Table S1. Crystallographic data and structure refinement details. 
Complex 1 1 1 1∙t 1∙t 
Formula C10H6ZnN2O2 C10H6ZnN2O2 C10H6ZnN2O2 C13.5H10ZnN2O2 C13.5H10ZnN2O2 

Formula weight 251.56 251.56 251.56 297.60 297.60 
Temperature (K) 148(1) 298(1) 473(1) 148(1) 298(1) 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic 
Space group C2/c C2/c C2/c C2/c C2/c 

a/Å 9.7597(4) 10.2098(7) 10.7561(9) 9.9441(7) 10.8866(10) 
b/Å 19.8289(7) 19.6476(11) 19.4423(15) 19.8552(13) 19.3940(16) 
c/Å 13.3794(4) 13.2368(7) 13.0721(9) 13.2246(8) 12.8591(10) 
/o 108.657(2) 108.476(3) 108.065(4) 109.497(2) 110.104(3) 

V/Å3 2453.17(15) 2518.4(3) 2598.9(4) 2461.4(3) 2549.6(4) 
Z 8 8 8 8 8 

Dc/g cm-3 1.362 1.327 1.286 1.606 1.551 
reflns coll. 9044 9209 6721 8500 7872 

unique reflns 2410 2479 2545 2426 2502 
Rint 0.0441 0.0932 0.0681 0.0529 0.0596 

R1 [I > 2σ(I)][a] 0.0265 0.0345 0.0381 0.0410 0.0447 
wR2 [I > 2σ(I)][b] 0.0545 0.0752 0.0720 0.0710 0.0839 

R1 (all data) 0.0409 0.0593 0.0796 0.0562 0.0723 
wR2 (all data) 0.0587 0.0843 0.0849 0.0746 0.0934 

GOF 1.046 1.025 1.038 1.083 1.063 
Void ratio[c]/% 33.2 34.9 36.4 33.4 35.9 

Dc(guest-free)/g cm-3 1.362 1.327 1.286 1.358 1.311 
Pore Volume/cm3 g-1 0.244 0.263 0.283 0.246 0.274 

[a] R1=∑||Fo|-|Fc||/∑|Fo| 

[b] wR2=[∑w(Fo
2-Fc

2)2/∑w(Fo
2)2]1/2 

[c] Calculated by PLATON using probe radius of 1.1 Å 



Table S2. The variable-temperature unit-cell parameters of 1. 
T/K a/Å b/Å c/Å /o V/Å3 
148 9.7597(4) 19.8289(7) 13.3794(4) 108.657(2) 2453.17(15) 
173 9.8167(5) 19.8024(10) 13.3629(6) 108.612(2) 2461.8(2) 
198 9.8800(6) 19.7783(10) 13.3447(6) 108.556(2) 2472.1(2) 
223 9.9490(6) 19.7447(10) 13.3195(6) 108.514(2) 2481.1(2) 
248 10.0284(6) 19.7099(10) 13.2951(7) 108.496(2) 2492.2(2) 
273 10.1198(6) 19.6761(11) 13.2626(7) 108.492(2) 2504.5(2) 
298 10.2098(7) 19.6476(11) 13.2368(7) 108.476(3) 2518.4(3) 
323 10.3005(6) 19.6143(10) 13.2056(6) 108.466(2) 2530.6(2) 
348 10.3873(7) 19.5764(11) 13.1753(7) 108.446(2) 2541.5(3) 
373 10.4741(7) 19.5444(11) 13.1504(7) 108.398(3) 2554.4(3) 
398 10.5521(7) 19.5155(12) 13.1273(7) 108.337(3) 2566.0(3) 
423 10.6260(8) 19.4911(12) 13.1067(7) 108.274(3) 2577.7(3) 
448 10.6918(8) 19.4641(13) 13.0864(8) 108.177(3) 2587.5(3) 
473 10.7561(9) 19.4423(15) 13.0721(9) 108.065(4) 2598.9(4) 

 

Table S3. The variable-temperature unit-cell parameters of 1∙t. 

T/K a/Å b/Å c/Å /o V/Å3 
148 9.9441(7) 19.8552(13) 13.2246(8) 109.497(2) 2461.4(3) 

160.5 9.9898(7) 19.8324(13) 13.2166(9) 109.497(2) 2468.3(3) 
173 10.0376(8) 19.7976(14) 13.2030(9) 109.502(3) 2473.2(3) 

185.5 10.0885(8) 19.7715(14) 13.1913(9) 109.510(3) 2480.1(3) 
198 10.1755(8) 19.7376(14) 13.1677(9) 109.578(3) 2491.7(3) 

210.5 10.2526(8) 19.6966(14) 13.1367(9) 109.650(3) 2498.4(3) 
223 10.3506(8) 19.6538(15) 13.0988(10) 109.751(3) 2507.9(4) 

235.5 10.4477(9) 19.6031(15) 13.0539(10) 109.862(3) 2514.5(4) 
248 10.5607(9) 19.5538(16) 13.0026(10) 109.984(3) 2523.4(4) 

260.5 10.6612(10) 19.4969(16) 12.9511(10) 110.086(3) 2528.3(4) 
273 10.7479(10) 19.4519(15) 12.9100(10) 110.144(3) 2534.0(4) 

285.5 10.8216(10) 19.4163(15) 12.8779(10) 110.140(3) 2540.4(4) 
298 10.8866(10) 19.3940(16) 12.8591(10) 110.104(3) 2549.6(4) 

 



 

Table S4. Relationship of crystallography axes and PASCal calculated principal axes. 

 Principal axis Directions Component of principal axis along 
a b c 

1 
a′ ~a -0.9897 0 -0.1435 
b′ b 0 1 0 
c′ ~c -0.1755 0 -0.9845 

1∙t 
a′ ~a -0.9946 0 -0.1034 
b′ b 0 1 0 
c′ ~c 0.2636 0 0.9646 

 



Table S5. Exceptionally large axial PTE/NTE coefficients of crystalline materials. 
Compound PTE/MK-1 NTE/MK-1 T/K Ref. 

1 347 -63/-83 148-473 
This Work 

1∙t 689 -171/-249 148-298 
FJ1-H11-Me 653 -38/-38 100-293 2 

MCF-82 482/61 -218 112-300 3 
MCF-18·DMF 437 NA/NA 119-295 4 

MCF-44 381/28 -148 144-278 5 
SION-2 230/43 -153 100-340 6 
FMOF-1 230/230 -170 90-295 7 
Ag(tcm) 200 -54/-48 100-250 8 
HMOF-1 177/3 -21 160-320 9 

[Zn(L)2(OH)2]·MeOH 166 -41/-41 100-295 10 
[Zn(FMA)(BPA)]·H2O 157/55 -117 100-240 11 

Ag3[Co(CN)6] 150/150 -130 20-496 12 
Ag(mim) 130/44 -25 20-300 13 

[Cu(bpy)2(OTf)2] 79 -21/21 133-383 14 
Cd(eim)2 66/66 -55 123-473 15 

MCF-34·DMF 

152/16 
4075 

258/218/74 
237/36 

-56 
-3367/-3 

/ 
-116 

127-208 
208-215* 
215-233 
233-299 

16 

[Zn2(fu-L1)2(dabco)] ≤1161/≤1611 ≥-380 303-463 17 

{[FeTp(CN)3]2Co(Bib)2}
·5H2O 

77/58 
1089/278/85 

110/66 
197 

-10 
/ 

-9 
-656/-18 

90-180 
180-240*[a] 

240-300 
300-350*[b] 

18 

[Cu(tcm)] 591 -407/NA 20-240*[c] 19 
(Himd)2[CuCl4] 568 -184/-34 273-353 20 

(S,S)-Octa-3,5-diyn-2,7-
diol 

≤515 ≥-85/-204 225-330 
21 

CD3OD·D2O 462/93 -61 4-160 22 
C12H24O6·2CH3NO2 369/215 -198 180-273 23 

CA-Pyz 1524/196 -1375 250-300*[d] 24 
[(H4BPTC)(BPE)2] ≤814 ≥-469/NA 333-408 25 

BHH-BTBT ≤634/NA ≥-333 95-295*[e] 26 
IMACET 226/239 -290 298-373 27 

Coordination polymers and molecular crystals are grouped in blue and orange background, 
respectively.  

* There is phase transition. [a] at 220/226 K; [b] at 310/322 K; [c] at 240 K; [d] at 300 K; [e] at 210 
K. 



Table S6. Key framework deformation parameters. 

 1 1∙t 
T 148 K 298 K 473 K 148 K 298 K 

ω/o 60.74 59.55 58.07 60.46 58.37 
θP/o 130.00 127.53 124.51 129.45 124.41 
θL/o 92.70 91.60 90.32 92.48 89.70 
LP/Å 10.9395 10.9522 10.9838 10.9784 10.9618 
LL/Å 13.7021 13.7034 13.7093 13.7458 13.7499 

ΔOff/period 0.309 0.299 0.287 0.303 0.281 

 

Table S7. The change of key framework deformation parameters from 1 to 1∙t. 

 148 K 298 K 
Guest None Tol Δ None Tol Δ 
ω/o 60.74 60.46 -0.28 59.55 58.37 -1.18 
θP/o 130.00 129.45 -0.55 127.53 124.41 -3.12 
θL/o 92.70 92.48 -0.22 91.60 89.70 -1.90 
LP/Å 10.9395 10.9784 +0.0389 10.9522 10.9618 +0.0096 
LL/Å 13.7021 13.7458 +0.0437 13.7034 13.7499 +0.0465 

ΔOff/period 0.309 0.303 -0.006 0.299 0.281 -0.018 

 

Table S8. The change of key framework deformation parameters from 148 K to 298 K. 

 1 1∙t 
T 148 K 298 K Δ 148 K 298 K Δ 

ω/o 60.74 59.55 -1.19 60.46 58.37 -2.09 
θP/o 130.00 127.53 -2.47 129.45 124.41 -5.04 
θL/o 92.70 91.60 -1.10 92.48 89.70 -2.78 
LP/Å 10.9395 10.9522 +0.0127 10.9784 10.9618 -0.0166 
LL/Å 13.7021 13.7034 +0.0013 13.7458 13.7499 +0.0041 

ΔOff/period 0.309 0.299 -0.010 0.303 0.281 -0.022 

 



Table S9. Local connectivity geometries. 

 1 1∙t 
T 148 K 298 K 473 K 148 K 298 K 

Zn1–O1/Å 1.9560(16) 1.956(2) 1.960(2) 1.958(2) 1.963(3) 
Zn1–O2/Å 2.0206(16) 2.024(2) 2.028(3) 2.033(2) 2.032(3) 
Zn1–N1/Å 1.9553(17) 1.958(2) 1.959(2) 1.952(2) 1.956(3) 
Zn1–N1/Å 1.9771(17) 1.975(2) 1.973(2) 1.976(3) 1.976(3) 

N1–Zn1–N2/o 111.21(7) 111.18(9) 111.32(9) 110.51(10) 110.90(12) 
O1–Zn1–O2/o 99.19(6) 99.75(9) 100.42(11) 96.57(9) 98.12(12) 
O1–Zn1–N1/o 124.59(8) 124.15(10) 123.65(12) 126.45(11) 125.26(13) 
O1–Zn1–N2/o 104.51(7) 104.99(9) 105.24(10) 104.71(10) 105.54(12) 
O2–Zn1–N1/o 107.27(7) 107.40(9) 107.80(11) 108.46(10) 108.48(12) 
O2–Zn1–N2/o 108.81(7) 108.05(9) 106.95(11) 108.48(10) 106.67(12) 
Zn1–O1–C1/o 115.71(10) 115.11(21) 114.130(25) 114.42(23) 112.54(26) 
Zn1–O2–C1/o 122.23(14) 122.67(18) 123.80(23) 121.88(22) 122.76(23) 
Zn1–N1–N2/o 120.30(12) 120.34(16) 120.48(18) 119.89(18) 119.99(21) 
Zn1–N2–N1/o 122.61(13) 122.84(16) 122.59(21) 123.51(20) 123.02(27) 

COO–Ph/o 21.06(23) 21.07(30) 21.78(38) 18.49(36) 19.89(43) 
Pz–Ph/o 0.96(19) 0.61(26) 1.23(43) 2.47(25) 2.24(37) 

COO = carboxylate group, Pz = pyrazolate ring, Ph = phenyl ring. 

 

Table S10. The change of local connectivity geometries from 1 to 1∙t. 

 148 K 298 K 
Guest None Tol Δ None Tol Δ 

Zn1–O1/Å 1.9560(16) 1.958(2) +0.0020 1.956(2) 1.963(3) +0.007 
Zn1–O2/Å 2.0206(16) 2.033(2) +0.0124 2.024(2) 2.032(3) +0.008 
Zn1–N1/Å 1.9553(17) 1.952(2) –0.0033 1.958(2) 1.956(3) –0.002 
Zn1–N1/Å 1.9771(17) 1.976(3) –0.0011 1.975(2) 1.976(3) +0.001 

N1–Zn1–N2/o 111.21(7) 110.51(10) –0.70 111.18(9) 110.90(12) –0.28 
O1–Zn1–O2/o 99.19(6) 96.57(9) –2.62 99.75(9) 98.12(12) –1.63 
O1–Zn1–N1/o 124.59(8) 126.45(11) +1.86 124.15(10) 125.26(13) +1.11 
O1–Zn1–N2/o 104.51(7) 104.71(10) +0.20 104.99(9) 105.54(12) +0.55 
O2–Zn1–N1/o 107.27(7) 108.46(10) +1.19 107.40(9) 108.48(12) +1.08 
O2–Zn1–N2/o 108.81(7) 108.48(10) –0.33 108.05(9) 106.67(12) –1.38 
Zn1–O1–C1/o 115.71(10) 114.42(23) –1.29 115.11(21) 112.54(26) –2.57 
Zn1–O2–C1/o 122.23(14) 121.88(22) –0.35 122.67(18) 122.76(23) +0.09 
Zn1–N1–N2/o 120.30(12) 119.89(18) –0.41 120.34(16) 119.99(21) –0.35 
Zn1–N2–N1/o 122.61(13) 123.51(20) +0.90 122.84(16) 123.02(27) +0.18 

COO–Ph/o 21.06(23) 18.49(36) –2.57 21.07(30) 19.89(43) –1.18 
Pz–Ph/o 0.96(19) 2.47(25) +1.51 0.61(26) 2.24(37) +1.63 

COO = carboxylate group, Pz = pyrazolate ring, Ph = phenyl ring. 



Table S11. The change of local connectivity geometries from 148 K to 298 K. 

 1 1∙t 
T 148 K 298 K Δ 148 K 298 K Δ 

Zn1–O1/Å 1.9560(16) 1.956(2) +0.000 1.958(2) 1.963(3) +0.005 
Zn1–O2/Å 2.0206(16) 2.024(2) +0.003 2.033(2) 2.032(3) –0.001 
Zn1–N1/Å 1.9553(17) 1.958(2) +0.003 1.952(2) 1.956(3) +0.004 
Zn1–N1/Å 1.9771(17) 1.975(2) –0.002 1.976(3) 1.976(3) +0.000 

N1–Zn1–N2/o 111.21(7) 111.18(9) –0.03 110.51(10) 110.90(12) +0.39 
O1–Zn1–O2/o 99.19(6) 99.75(9) +0.56 96.57(9) 98.12(12) +1.55 
O1–Zn1–N1/o 124.59(8) 124.15(10) –0.44 126.45(11) 125.26(13) –1.19 
O1–Zn1–N2/o 104.51(7) 104.99(9) +0.48 104.71(10) 105.54(12) +0.83 
O2–Zn1–N1/o 107.27(7) 107.40(9) +0.13 108.46(10) 108.48(12) +0.02 
O2–Zn1–N2/o 108.81(7) 108.05(9) –0.76 108.48(10) 106.67(12) –1.81 
Zn1–O1–C1/o 115.71(10) 115.11(21) –0.60 114.42(23) 112.54(26) –1.88 
Zn1–O2–C1/o 122.23(14) 122.67(18) +0.44 121.88(22) 122.76(23) +0.88 
Zn1–N1–N2/o 120.30(12) 120.34(16) +0.04 119.89(18) 119.99(21) +0.10 
Zn1–N2–N1/o 122.61(13) 122.84(16) +0.23 123.51(20) 123.02(27) –0.49 

COO–Ph/o 21.06(23) 21.07(30) +0.01 18.49(36) 19.89(43) +1.40 
Pz–Ph/o 0.96(19) 0.61(26) –0.35 2.47(25) 2.24(37) –0.23 

COO = carboxylate group, Pz = pyrazolate ring, Ph = phenyl ring. 
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