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1. Fig. S1. Hybridized carbon atoms visualization in 2D nets.

AN

Figure S1. Hybridized carbon atoms visualization in (a) (6,6,12-), (b) (14,14,14-), (c) «

(18,18,18-), (d) B (12,12,12-), (e) y (6,6,6-) and (f) 5 (6,6,14-).



2. Table ST1. Table for different graphyne systems showing a negative TEC.

Graphynes Negative TEC range (K)
6,6,12- Beyond 1000K
14,14,14- 800K
Alpha (o) Beyond 1000K
Beta (B) 710K
Gamma () 950K
Delta (9) Beyond 1000K

Calculations were done till T,,,x = 1000K.

3. Table ST2. Table for different graphynes showing different types of bonds

Graphynes C(sp)-C(sp) C(sp’)- C(sp?)- C(sp?)-C(sp) | C(sp*)—-C(sp)
C(sp?) C(sp?) (Type 1) (Type 2)
(Type 1) (Type 2)
6,6,12 1.226 1.431 1.425 1.397
14,14,14 1.229 1.448 1.390
Alpha 1.229 1.394
Beta 1.231 1.457 1.387
Gamma 1.221 1.425 1.406
Delta 1.228 1.437 1.388 1.394




4. Fig. S2. Energy vs volume plots required for thermal properties calculation.
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Figure S2: Free-energy vs volume plots for (a) (6,6,12-), (b) (14,14,14-), (¢) o (18,18,18-), (d)

B (12,12,12-), (€) y (6,6,6-) and (f) J (6,6,14-).



5. Fig. S3. Phonon band structure shows stability of the 2D systems.

Wave number (THz)

Figure S3: Phonon dispersion bands show stability of the structure (a) (6,6,12-), (b) (14,14,14-
), (¢) & (18,18,18-), (d) B (12,12,12-), (¢) y (6,6,6-) and () & (6,6,14-).



6. POSCARS of the 2D materials.
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7. Figure S4. (a) BGy-HEX (b) AlGy-HEX (¢) GaGy-HEX. Analogues of a-Graphyne.

8. Figure SS5. Normalized Area vs Temperature plot for BGy-HEX.
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Figure S5. Normalized area for BGy-HEX (Boron substituted a-Gy) with
pink and black dots represent the normalized and average normalized area.



Supercell with ~300 atoms couldn’t capture NTE. We expect a bigger cell
would give a perfect matchable result with that of the obtained result from gha-

approximation.

9. Figure S6. TECs for (a) BGy-Hex (b) AlGy-Hex (¢) GaGy-Hex.
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Figure S6. TEC upto our calculated temperature (a) BGy-HEX, (b) AlGy-

HEX, (¢) GaGy-HEX.

BGy-HEX, AlGy-HEX show NTE upto 100K and 50K respectively. GaGy-HEX doesn’t show
negative TEC at all.



10. Fig. S7. RMSD vs MD time frame plots
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Figure S7. RMSD vs MD time frame plots showing stability of the structure (a) (6,6,12-), (b)
(14,14,14-), (c) 0. (18,18,18-), (d) p (12,12,12-), (e) y (6,6,6-) and (f) o (6,6,14-).
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11.  Fig. S8. Standard deviation for the normalized area.
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Figure S8. The standard deviation plots for Normalized area vs Temperature for (a) (6,6,12-),
(b) (14,14,14-), (¢) o (18,18,18-), (d) p (12,12,12-), (e) y (6,6,6-) and (f) o (6,6,14-).

12. Table ST3. The standard deviation values at different temperatures.

Temperature 50K 100K 200K 400K 600K
6,6,12- 0.00203 0.00225 0.00287 0.00365 0.00413
14,14,14- 0.00275 0.00266 0.00314 0.00347 0.00360
a (18,18,18-) 0.00194 0.00222 0.00259 0.00288 0.00315
B (12,12,12-) 0.00398 0.00368 0.00436 0.00462 0.00476
Y (6,6,6-) 0.00279 0.00239 0.00342 0.003 0.00339
0 (6,6,14-) 0.00221 0.00237 0.00271 0.00335 0.00350




13. Table ST4. Biaxial Negative thermal expansion of different Graphyne
materials.

1. 6,6,12- Gy
Temperature (K) x (A) y (A)
0 35.2404 247312
50 35.2398 24.7309
100 35.2401 24.7301
200 35.2386 24.7295
400 35.1868 24.7303
600 35.1788 24.7264
2. 14,14,14- Gy
Temperature (K) x (A) y (A)
0 30.7207 33.5166
50 30.7186 33.5155
100 30.72 33.5166
200 30.7251 33.5182
400 30.7212 33.5191
600 30.7245 33.5193




3. 0(18,18,18) Gy

Temperature (K) x (A) y (A)
0 34.808 34.818
50 34815 34.8076
100 34.8103 34.8056
200 348114 34.8099
400 34.8125 348112
600 34.8178 348112
4. B(12,12,12-) Gy
Temperature (K) x (A) y (A)
0 28.4162 28.4162
50 28.4108 28.416
100 28.415 28.4105
200 28.4162 28.4158
400 28.4178 28.4162
600 28.418 28.4171




5. v(6,6,6-) Gy

Temperature (K) x (A) y (A)
0 33.0415 31.6168
50 33.0418 31.6127
100 33.0416 31.6157
200 33.0416 31.6172
400 33.0411 31.6127
600 33.0401 31.7916
6. 5(6,6,14-) Gy
Temperature (K) x (A) y (A)
0 28.3416 28.283
50 28.3113 28.3112
100 28.3111 28.31
200 28.309 28.304
400 28.316 28.301
600 28.3083 31.319




14. Figure S9. Visualization of graphene.

15. Figure S10. Relative magnitudes for the thermal expansion coefficient of graphene with

the graphyne systems.
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Figure S10. Thermal expansion coefficient of (a) (6,6,12-), (b) (14,14,14-), (¢) a
(18,18,18-), () p (12,12,12-), (e) y (6,6,6-) and (f) o (6,6,14-) (g) graphene.

Graphene the two-dimensional Carbon allotrope, is one of the first two-
dimensional sheet that showed the Negative thermal expansion, is evident in
innumerable research articles. The negative thermal expansion of graphene arises
from the rigid unit modes. The thermal expansion coefficient for the lowest
acoustic mode in graphene exhibits negative values at low temperatures, indicating
an unusual behavior. This phenomenon arises because, at lower temperatures, only
the lower acoustic modes are thermally excited. Consequently, the unique
characteristics of these modes contribute to the observed negative thermal
expansion coefficient in graphene. The temperature variation of the Griineisen
parameter which is mainly responsible for the negative values of the TECs are
negative for acoustic modes (ZA, TA, LA) till 20 THz (See supporting information
file Figure S11).

Several research articles have already proven the high ductility and NTE of
graphene till 1000K. But, 14,14,14, alpha and beta Gys start showing postitive
thermal expansion much before 1000K.



16. Figure S11 Griineisen parameter vs frequency plot for graphene.
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Figure S11 Griineisen parameter vs frequency plot for graphene.

17. Figure S12. Visualization of graphdiyne.




18. Figure S13. Relative magnitudes for the thermal expansion coefficients in graphdiyne
(GDy) with the graphyne systems and other carbon allotropes at room temperature.
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Figure S13. Thermal expansion coefficient of (a) (6,6,12-), (b) (14,14,14-), (c¢) a
(18,18,18-), (d) p (12,12,12-), (e) y (6,6,6-) and (f) o (6,6,14-) (g) GDy
(Graphdiyne).

The mechanical property of graphdiyne is similar to graphyne3-, i.e. it is brittle in
nature, which makes it attain PTE at lower temperature. GDy has 5 different types
of bond connectivities ( Sp-sp-sp-sp, Sp>-sp>-sp>-sp?, Sp>-Sp>-Sp-sp, Sp-Sp>-sp>-sp,
and sp?-sp?-sp?-sp) which is highest among Gy family making it most anharmonic
and shoots up the NTE value.



19. Table ST5. Thermal expansion coefficient (TEC) values of (a) (6,6,12-), (b)
(14,14:14-)3 (c) a (18,18,18-)3 (d) B (12512312-)3 (e) Y (67696-) (f) 0 (696a14-)3 (g) (h)
GDy (graphdiyne) at room temperature (r.t).

2D Carbon allotropes TEC values at r.t (10 K1)
(6,6,12-) ~4.59013
(14,14,14-) 2271835
o (18,18,18-) 27.19711
B (12,12,12-) -3.52966
v (6,6,6) -3.68903
5 (6,6,14-) “4.87272
graphene -3.93952
GDy (graphdiyne) -6.86171

—
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