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Table S1. Structural parameters for Br2–Br6, optimized with MP2/6-311+G(3df).1 
Species r1 r2 r3 q1 q2 q3 f1

2 f2
3 f3

4 DEES
5 DEZP

6 ni
7 

(Sym)d (Å) (Å) (Å) (°) (°) (°) (°) (°) (°) (unit8) (unit8)  
Br2 (D∞h) 2.2806         0.0 0.0 0 
Br4 (Cs-L1) 2.2807 3.4055 2.2872 89.6 176.5  0.0   –10.7 –10.0 0 
Br4 (C2h) 2.2802 4.0638 3.8958 69.3 77.4 33.2 0.0   –8.0 –7.4 0 
Br4 (D2d) 2.2798 4.0512  73.7 32.7  85.1   –9.1 –8.4 0 
Br4 (Cs)TS 2.2798 3.9272 2.2813 75.2 130.4 55.3 0.0   –7.4 –6.9 1 
Br4 (C1)TS 2.2801 4.0863 2.2801 71.1 99.8 71.1 -44.1 22.9 -44.1 –7.6 –7.1 1 
Br4 (C1)TS 2.2812 3.8622 2.2800 98.9 33.8 75.5 31.1   –7.0 –6.5 1 
Br4 (C2v)TS 2.2836 3.7622 2.2823 162.3 35.3 72.3 180.0   –8.7 –8.2 1 
Br6 (Cs-L2)9 2.2880 3.3891 2.2886 176.0 88.2 177.8 0.0 0.0  –22.6 –21.0 0 
Br6 (C2) 2.2807 3.4298 2.2925 89.1 176.5  2.1 66.7 71.0 –21.11 –19.68 0 
Br6 (C3h-c) 2.2857 3.5111  159.4 80.6  0.0 0.0  -29.1 –27.2 0 
Br6 (C2h)TS 2.2807 3.4298 2.2925 89.1 176.6  0.0 0.0 180.0 –21.10 –19.68 110 
Br6 (C2v)TS 2.2807 3.4295 2.2925 89.1 176.5  0.0 0.0 0.0 –21.10 –19.67 1 
1 Structural parameters are defined in Figure 2. 2 f1 = f(1Br2Br3Br4Br). 3 f2 = f(3Br4Br5Br6Br). 4 f3 = f(1Br2Br5Br6Br). 
5 DE (= E(Br2k) – k´E(Br2)) on the energy surface. 6 DE (= E(Br2k) – k´E(Br2)) corrected with the zero-point energy. 
7 Number of imaginary frequency. 8 In kJ mol–1. 9 (r4, r5, q4, f3) = (3.3627 Å, 2.2809 Å, 90.6°, 0.0°). 10 ni = 0, if 
optimized with MP2/6-311+G(3d). 
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Table S2. Structural parameters for Br8–Br12, optimized with MP2/6-311+G(3df).1 

Species r1 r2 r3 r4 r5 r6 r7 r8 r9 r10 r11 

Br8 (Cs-L3) 2.2882 3.3849 2.2898 3.3418 2.2890 3.3593 2.2809 
Br8 (S4) 2.2906 3.3260 
Br8 (S4-Wm) 2.2906 3.3043 4.1061 
Br10 (Cs-L4) 2.2883 3.3828 2.2900 3.3370 2.2901 3.3371 2.2891 3.3567 2.2809 
Br10 (C2) 2.2809 3.3671  2.2884 3.4244  2.2934 
Br10 (C2-c) 2.2880 3.5658 2.2863 3.4808 2.2873 3.4269  3.9507 3.9836 
Br12 (Cs-L5) 2.2883 3.3818 2.2901 3.3346 2.2904 3.3321 2.2903 3.3339 2.2891 3.3558 2.2809 
Br12 (Ci) 2.2907 3.3231 2.2907 3.3231 2.2907 3.3231 
1 The rn values are given in Å, those of q and f are in degrees and DE are in kJ mol–1. 
 

(Table S2 continued) 

Species q1 q 2 q 3 q 4 q 5 q 6 q 7 q 8 q 9 q 10 

Br8 (Cs-L3) 176.1 88.4 177.4 89.7 177.5 90.4 
Br8 (S4) 175.7 88.8 
Br8 (S4-Wm) 175.4 51.6 98.6 
Br10 (Cs-L4) 176.1 88.4 177.5 89.8 177.2 89.6 177.5 90.4 
Br10 (C2) 90.8 178.3 86.9 175.3 
Br10 (C2-c) 84.4 152.0 80.5 160.7 80.5 158.9 
Br12 (Cs-L5) 176.1 88.5 177.5 89.9 177.3 89.7 177.2 89.7 177.5 90.4 
Br12 (Ci) 176.2 88.9 176.2 88.9 
1 The rn values are given in Å, those of q and f are in degrees and DE are in kJ mol–1. 
 

(Table S2 continued) 

Species f 1
2

 f 2
3

 f 3
4

 f 4 f 5 f 6 f 7   DEES DEZP 
Br8 (Cs-L3) 0.0 0.0 0.0       -34.5 -32.1 
Br8 (S4) 5.75 -5.76  132.27      -48.2 -45.1 

Br8 (S4-Wm) -172.68 -172.69  128.010 -51.011 -52.112    -52.0 -49.0 

Br10 (Cs-L4) 0.0 0.0 0.0       -46.5 -43.4 
Br10 (C2) -2.4 3.1  63.013      -44.6 -41.7 
Br10 (C2-c) -14.3 -6.314  12.115

 124.416 25.317 11.218   -74.4 -70.4 
Br12 (Cs-L5) 0.0 0.0 0.0       -58.5 -54.6 
Br12 (Ci) 10.3 -10.3  -95.219 0.020     -73.1 -68.4 
1 The rn values are given in Å, those of q and f are in degrees and DE are in kJ mol–1. 2 f 1 = f(1Br2Br3Br4Br). 3 f 2 = 
f(3Br4Br5Br6Br). 4 f 2 = f(5Br6Br7Br8Br). 5 f 1 = f(1Br2Br1’Br2’Br). 6 f 2 = f(1’Br2’Br1’’Br2’’Br). 7 f 4 = f(1Br1’Br1’’’Br1’’Br). 8 f 1 = 
f(1’’’Br2’’’Br 1Br2Br). 9 f 1 = f(1Br2Br 1’Br2’Br). 10 f 4 = f(1’’’Br2’’’Br2Br1Br). 11 f 5 = f(2’’’Br2Br2’Br2’’Br). 12 f 6 = f(1’’’Br2’’’Br2Br2’Br). 
13 f 4 = f(3Br4Br7Br8Br). 14 f 4 = f(3Br4Br5Br1’Br). 15 f 4 = f(1Br1’Br5Br4Br). 16 f 5 = f(4’Br5’Br5Br1’Br). 17 f 6 = f(1’Br1Br2Br3Br). 
18 f 7 = f(2Br3Br4Br5Br). 19 f 4 = f(1Br2Br5Br6Br). 20 f 5 = f(1Br2Br1’Br2’Br). 
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Table S3. The bond path distances (rBP) and the straight-line distances (RSL) in the polybromide clusters, 
together with the differences between the two, evaluated with MP2/6-311+G(3df). 

Species BP RSL (ABr, BBr)1 rBP-1 (ABr, BCP) rBP-2 (BCP, BBr) rBP (ABr---BBr)2 DrBP3 

  (Å) (Å) (Å) (Å) (Å) 
Br2 (D∞h) r1 2.2806 1.1403 1.1403 2.2806 0.0000 
Br3– (D∞h) r1 2.5594 1.3246 1.2348 2.5594 0.0000 
Br4 (Cs-L1) r1 2.2807 1.1371 1.1436 2.2807 0.0000 
 r2 3.4055 1.7850 1.6211 3.4061 0.0006 
 r3 2.2872 1.1401 1.1471 2.2872 0.0000 
Br4 (C2h) r1 2.2802 1.1409 1.1393 2.2802 0.0000 
 r2 4.0638 2.0245 2.0455 4.0700 0.0062 
 r3 3.8958 1.9499 1.9499 3.8999 0.0041 
Br4 (D2d) r1 2.2798 1.1399 1.1399 2.2798 0.0000 
 r2 4.0512 2.0274 2.0280 4.0554 0.0042 
Br4 (Cs)TS r1 2.2798 1.1384 1.1415 2.2798 0.0000 
 r2 3.9272 1.9562 1.9728 3.9290 0.0018 
 r3 2.2813 1.1396 1.1417 2.2813 0.0000 
Br4 (C1)TS r1 2.2801 1.1396 1.1405 2.2801 0.0000 
 r2 4.0863 2.0362 2.0526 4.0889 0.0025 
 r3 2.2801 1.1397 1.1405 2.2801 0.0000 
Br4 (C1)TS r1 2.2812 1.1415 1.1398 2.2813 0.0001 
 r2 3.8622 1.9211 1.9503 3.8713 0.0091 
 r3 2.2800 1.1414 1.1386 2.2800 0.0000 
Br4 (C2v)TS r1 2.2836 1.1436 1.1400 2.2836 0.0000 
 r2 3.7622 1.8210 1.9550 3.7760 0.0138 
 r3 2.2823 1.1412 1.1412 2.2823 0.0000 
Br6 (Cs-L2) r1 2.2880 1.1482 1.1398 2.2880 0.0000 
 r2 3.3891 1.6130 1.7768 3.3898 0.0007 
 r3 2.2886 1.1517 1.1370 2.2887 0.0001 
 r4 3.3627 1.5985 1.7646 3.3631 0.0004 
 r5 2.2809 1.1440 1.1369 2.2809 0.0000 
Br6 (C2) r1 2.2807 1.1375 1.1433 2.2808 0.0001 
 r2 3.4298 1.7955 1.6349 3.4304 0.0006 
 r3 2.2925 1.1462 1.1462 2.2925 0.0000 
Br6 (C3h-c) r1 2.2857 1.1491 1.1366 2.2857 0.0000 
 r2 3.5111 1.6955 1.8244 3.5199 0.0088 
Br6 (C2h)TS r1 2.2807 1.1374 1.1433 2.2807 0.0000 
 r2 3.4298 1.7955 1.6348 3.4304 0.0006 
 r3 2.2925 1.1462 1.1462 2.2925 0.0000 
Br6 (C2v)TS r1 2.2807 1.1374 1.1433 2.2807 0.0000 
 r2 3.4295 1.7954 1.6348 3.4301 0.0006 
 r3 2.2925 1.1462 1.1462 2.2925 0.0000 
Br8 (Cs-L3) r1 2.2882 1.1485 1.1397 2.2882 0.0000 
 r2 3.3849 1.6109 1.7747 3.3857 0.0008 
 r3 2.2898 1.1531 1.1367 2.2898 0.0000 
 r4 3.3418 1.5881 1.7541 3.3422 0.0004 
 r5 2.2890 1.1522 1.1368 2.2890 0.0000 
 r6 3.3593 1.5968 1.7629 3.3597 0.0004 
 r7 2.2809 1.1442 1.1367 2.2809 0.0000 
1 RSL(ABr, BBr) is straight-line distance of the bonds or interactions between ABr and BBr (A < B) in Brn. 2 

rBP(ABr---BBr) is bond path distance of the bonds or interactions between ABr and BBr (A < B) in Brn; rBP 
= rBP-1 + rBP-2. 3 DrBP = rBP(ABr---BBr)– RSL(ABr, BBr). 
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(Table S3 continued) 

Species BP RSL (ABr, BBr)1 rBP-1 (ABr, BCP) rBP-2 (BCP, BBr) rBP (ABr---BBr)2 DrBP3 

  (Å) (Å) (Å) (Å) (Å) 
Br8 (S4) r1 2.2906 1.1551 1.1355 2.2906 0.0000 
 r2 3.3260 1.5793 1.7475 3.3268 0.0008 
Br8 (S4-Wm) r1 2.2906 1.1468 1.1438 2.2906 0.0000 
 r2 3.3043 1.5718 1.7331 3.3050 0.0007 
 r3 4.1061 2.0600 2.0601 4.1201 0.0140 
Br10 (Cs-L4) r1 2.2883 1.1486 1.1397 2.2883 0.0000 
 r2 3.3828 1.6098 1.7737 3.3835 0.0007 
 r3 2.2900 1.1534 1.1366 2.2900 0.0000 
 r4 3.3370 1.5857 1.7517 3.3374 0.0004 
 r5 2.2901 1.1537 1.1365 2.2902 0.0001 
 r6 3.3371 1.5857 1.7518 3.3376 0.0005 
 r7 2.2891 1.1525 1.1366 2.2891 0.0000 
 r8 3.3567 1.5954 1.7617 3.3571 0.0004 
 r9 2.2809 1.1442 1.1367 2.2809 0.0000 
Br10 (C2-c) r1 2.2880 1.1440 1.1440 2.2880 0.0000 
 r2 3.5660 1.7368 1.8410 3.5779 0.0118 
 r3 2.2863 1.1499 1.1366 2.2865 0.0002 
 r4 3.4808 1.6778 1.8112 3.4890 0.0082 
 r5 2.2873 1.1508 1.1365 2.2873 0.0000 
 r6 3.4269 1.6550 1.7805 3.4355 0.0086 
 r7 3.9507 1.9909 1.9679 3.9588 0.0081 
 r8 3.9836 1.9919 1.9922 3.9841 0.0005 
Br10 (C2) r1 2.2809 1.1371 1.1439 2.2809 0.0000 
 r2 3.3671 1.7666 1.6008 3.3674 0.0003 
 r3 2.2884 1.1374 1.1510 2.2884 0.0000 
 r4 3.4244 1.7924 1.6330 3.4254 0.0010 
 r5 2.2934 1.1467 1.1467 2.2934 0.0000 
Br12 (Cs-L5) r1 2.2883 1.1487 1.1396 2.2883 0.0000 
 r2 3.3818 1.6093 1.7733 3.3826 0.0008 
 r3 2.2901 1.1536 1.1365 2.2901 0.0000 
 r4 3.3346 1.5845 1.7505 3.3350 0.0004 
 r5 2.2904 1.1540 1.1364 2.2904 0.0000 
 r6 3.3321 1.5832 1.7493 3.3325 0.0004 
 r7 2.2903 1.1540 1.1363 2.2903 0.0000 
 r8 3.3339 1.5841 1.7503 3.3344 0.0005 
 r9 2.2891 1.1526 1.1365 2.2891 0.0000 
 r10 3.3558 1.5949 1.7613 3.3562 0.0004 
 r11 2.2809 1.1443 1.1366 2.2809 0.0000 
Br12 (Ci) r1 2.2907 1.1550 1.1357 2.2907 0.0000 
 r2 3.3231 1.5790 1.7447 3.3238 0.0007 
 r3 2.2907 1.1550 1.1357 2.2907 0.0000 
 r4 3.3231 1.5790 1.7447 3.3237 0.0006 
 r5 2.2907 1.1550 1.1358 2.2908 0.0001 
 r6 3.3231 1.5768 1.7474 3.3242 0.0011 
1 RSL(ABr, BBr) is straight-line distance of the bonds or interactions between ABr and BBr (A < B) in Brn. 2 

rBP(ABr---BBr) is bond path distance of the bonds or interactions between ABr and BBr (A < B) in Brn; rBP 
= rBP-1 + rBP-2. 3 DrBP = rBP(ABr---BBr)– RSL(ABr, BBr). 
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Table S4. QTAIM functions and QTAIM-DFA parameters for Br-*-Br in polybromine clusters of Br2–Br12, 
evaluated with MP2/6-311+G(3df).1 
Species BP rb(rc) cÑ2rb(rc)3 Hb(rc) kb(rc)4 R q Cii qp kp 
(Symmetry)2 on (eao–3) (au) (au)  (au) (º) (Å mDyn–1) (º) (au–1) 

Br2 (D∞h) r1 0.1154 -0.0044 -0.0574 -2.179 0.0576 184.3 0.366 190.9 0.3 
Br4 (Cs-L1) r1 0.1154 -0.0043 -0.0574 -2.174 0.0576 184.2 0.368 191.0 0.3 
Br4 (Cs-L1) r3 0.1140 -0.0038 -0.0558 -2.156 0.0559 183.9 0.383 191.0 0.3 
Br4 (C2h) r1 0.1155 -0.0044 -0.0575 -2.178 0.0576 184.3 0.367 190.9 0.3 
Br4 (D2d) r1 0.1156 -0.0044 -0.0576 -2.180 0.0578 184.4 0.366 190.9 0.3 
Br6 (Cs-L2) r1 0.1138 -0.0037 -0.0556 -2.155 0.0558 183.8 0.385 191.0 0.3 
Br6 (Cs-L2) r3 0.1137 -0.0036 -0.0555 -2.151 0.0556 183.7 0.389 191.0 0.3 
Br6 (Cs-L2) r5 0.1154 -0.0043 -0.0574 -2.177 0.0575 184.3 0.368 190.9 0.3 
Br6 (C2) r1 0.1154 -0.0045 -0.0574 -2.184 0.0576 184.4 0.367 191.4 0.4 
Br6 (C2) r3 0.1129 -0.0033 -0.0546 -2.140 0.0547 183.5 0.395 191.0 0.3 
Br6 (C3h-c) r1 0.1143 -0.0039 -0.0562 -2.160 0.0563 183.9 0.382 191.0 0.2 
Br8 (Cs-L3) r1 0.1137 -0.0036 -0.0556 -2.150 0.0557 183.7 0.386 191.0 0.3 
Br8 (Cs-L3) r3 0.1134 -0.0035 -0.0553 -2.147 0.0554 183.7 0.392 191.1 0.2 
Br8 (Cs-L3) r5 0.1136 -0.0035 -0.0555 -2.146 0.0556 183.6 0.390 191.0 0.3 
Br8 (Cs-L3) r7 0.1154 -0.0043 -0.0574 -2.177 0.0575 184.3 0.368 190.9 0.3 
Br8 (S4) r1 0.1132 -0.0036 -0.0551 -2.151 0.0552 183.7 0.396 191.2 0.2 
Br8 (S4-Wm5) r1 0.1133 -0.0036 -0.0552 -2.148 0.0553 183.7 0.393 191.1 0.2 
Br10 (Cs-L4) r1 0.1137 -0.0037 -0.0556 -2.152 0.0557 183.8 0.386 191.0 0.3 
Br10 (Cs-L4) r3 0.1134 -0.0035 -0.0552 -2.147 0.0554 183.7 0.393 191.1 0.2 
Br10 (Cs-L4) r5 0.1133 -0.0035 -0.0552 -2.145 0.0553 183.6 0.394 191.1 0.2 
Br10 (Cs-L4) r7 0.1136 -0.0036 -0.0554 -2.149 0.0556 183.7 0.390 191.1 0.2 
Br10 (Cs-L4) r9 0.1154 -0.0043 -0.0574 -2.176 0.0575 184.3 0.368 191.0 0.3 
Br10 (C2-c) r1 0.1138 -0.0037 -0.0558 -2.153 0.0559 183.8 0.390 191.1 0.2 
Br10 (C2-c) r3 0.1141 -0.0036 -0.0561 -2.149 0.0562 183.7 0.384 191.0 0.3 
Br10 (C2-c) r5 0.1138 -0.0038 -0.0558 -2.157 0.0560 183.9 0.387 191.1 0.2 
Br10 (C2) r1 0.1154 -0.0042 -0.0574 -2.174 0.0575 184.2 0.368 190.9 0.3 
Br10 (C2) r3 0.1137 -0.0039 -0.0556 -2.164 0.0557 184.0 0.388 191.8 0.5 
Br10 (C2) r5 0.1127 -0.0033 -0.0544 -2.138 0.0545 183.5 0.398 191.0 0.4 
Br12 (Cs-L5) r1 0.1137 -0.0037 -0.0556 -2.154 0.0557 183.8 0.368 191.0 0.3 
Br12 (Cs-L5) r3 0.1133 -0.0035 -0.0552 -2.143 0.0553 183.6 0.394 191.1 0.3 
Br12 (Cs-L5) r5 0.1133 -0.0035 -0.0552 -2.146 0.0553 183.6 0.394 191.1 0.2 
Br12 (Cs-L5) r7 0.1133 -0.0034 -0.0552 -2.142 0.0553 183.6 0.394 191.1 0.2 
Br12 (Cs-L5) r9 0.1136 -0.0036 -0.0554 -2.149 0.0555 183.7 0.391 191.0 0.2 
Br12 (Cs-L5) r11 0.1154 -0.0042 -0.0574 -2.174 0.0575 184.2 0.368 191.0 0.3 
Br12 (Ci) r1 0.1132 -0.0039 -0.0551 -2.165 0.0553 184.0 0.397 191.7 0.3 
Br12 (Ci) r3 0.1132 -0.0035 -0.0551 -2.144 0.0553 183.6 0.397 191.1 0.2 
Br12 (Ci) r5 0.1132 -0.0032 -0.0551 -2.132 0.0552 183.3 0.397 191.0 0.4 
1 The interactions in minima were tabulated. 2 Data are given at BCP. 3 cÑ2rb(rc) = Hb(rc) – Vb(rc)/2, where 
c = ћ2/8m. 4 kb(rc) = Vb(rc)/Gb(rc). 5 Wind mill figure. 
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Table S5. Contributions from the donor-acceptor (NBO(i)®NBO(j)) interactions of the n(Br)®s*(Br–Br) 
type in the optimized structures of Br4–Br12 calculated with the NBO analysis under MP2/6-311+G(3df). 

Species (symm) Es(2)1 DE2 F(i,j)3  Ep(2)1 DE2 F(i,j)3 Es+p(2)4 Es+p(2)4 
NBO(j)¬NBO(i) (unit5) (au)  NBO(i) (unit5) (au)  (unit5) (unit6) 
Br4 (Cs-L1)          
s*(3Br–4Br)¬ns(2Br) 0.14 1.19 0.011 np(2Br) 3.83 0.59 0.043 3.97 16.61 
Br6 (Cs-L2)          
s*(3Br–4Br)¬ns(2Br) 0.14 1.19 0.012 np(2Br) 4.08 0.59 0.044 4.22 17.66 
s*(5Br–6Br)¬ns(4Br) 0.16 1.18 0.012 np(4Br) 4.50 0.59 0.046 4.66 19.50 
 
Br8 (Cs-L3)          
s*(3Br–4Br)¬ns(2Br) 0.14 1.19 0.012 np(2Br) 4.15 0.59 0.044 4.29 17.95 
s*(5Br–6Br)¬ns(4Br) 0.18 1.18 0.013 np(4Br) 4.88 0.58 0.048 5.06 21.17 
s*(7Br–8Br)¬ns(6Br) 0.17 1.18 0.013 np(6Br) 4.56 0.59 0.046 4.73 19.79 
 
Br10 (Cs-L4)          
s*(3Br–4Br)¬ns(2Br) 0.15 1.19 0.012 np(2Br) 4.19 0.59 0.044 4.34 18.16 
s*(5Br–6Br)¬ns(4Br) 0.18 1.18 0.013 np(4Br) 4.98 0.58 0.048 5.16 21.59 
s*(7Br–8Br)¬ns(6Br) 0.18 1.18 0.013 np(6Br) 4.97 0.58 0.048 5.15 21.55 
s*(9Br–10Br)¬ns(8Br) 0.17 1.18 0.013 np(8Br) 4.61 0.59 0.046 4.78 20.00 
 
Br12 (Cs-L5)          
s*(3Br–4Br)¬ns(2Br) 0.15 1.19 0.012 np(2Br) 4.20 0.59 0.044 4.35 18.20 
s*(5Br–6Br)¬ns(4Br) 0.18 1.18 0.013 np(4Br) 5.02 0.58 0.048 5.20 21.76 
s*(7Br–8Br)¬ns(6Br) 0.19 1.18 0.013 np(6Br) 5.07 0.58 0.049 5.26 22.01 
s*(9Br–10Br)¬ns(8Br) 0.18 1.18 0.013 np(8Br) 5.04 0.58 0.048 5.22 21.84 
s*(11Br–12Br)¬ns(10Br) 0.17 1.18 0.013 np(10Br) 4.62 0.59 0.046 4.79 20.04 
1 Second order perturbation energy given by Equation (4) in the text. 2 The diagonal elements (orbital 
energies). 3 The off-diagonal NBO Fock matrix element. 4 Es+p(2) = Es(2) + Ep(2). 5 kcal mol–1. 6 kJ mol–1. 
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Table S6. MO energies of Br4 (C2h), evaluated with MP2/6-311+G(3df).1–3 

 -490.08041 -490.08041 -490.07985 -490.07985 -65.21121 
 -65.21121 -65.21065 -65.21065 -58.57215 -58.57215 
 -58.57160 -58.57160 -58.56979 -58.56979 -58.56978 
 -58.56978 -58.56921 -58.56921 -58.56920 -58.56920 
 -9.88265 -9.88265 -9.88207 -9.88207 -7.49721 
 -7.49721 -7.49667 -7.49667 -7.48714 -7.48714 
 -7.48713 -7.48713 -7.48653 -7.48653 -7.48649 
 -7.48649 -3.23881 -3.23880 -3.23634 -3.23634 
 -3.23321 -3.23321 -3.23319 -3.23319 -3.23228 
 -3.23228 -3.23222 -3.23222 -3.22001 -3.22001 
 -3.22001 -3.22001 -3.21933 -3.21933 -3.21932 
 -3.21932 -1.10562 -1.10225 -0.94776 -0.94673 
 -0.53540 -0.53531 -0.52075 -0.50821 -0.50319 
 -0.49158 -0.40866 -0.40589 -0.40436 -0.40135 
1 In au. 2 The MO energies are given in the sequence, stating from that of y1 to that of y70 (HOMO). 
3 ∑i ne i = -6253.61194 au. 
 
 
Table S7. MO energies of Br4 (D2d), evaluated with MP2/6-311+G(3df).1–3 

 -490.07925 -490.07925 -490.07925 -490.07925 -65.21005 
 -65.21005 -65.21005 -65.21005 -58.57099 -58.57099 
 -58.57099 -58.57099 -58.56862 -58.56862 -58.56862 
 -58.56862 -58.56861 -58.56861 -58.56861 -58.56861 
 -9.88150 -9.88150 -9.88145 -9.88145 -7.49614 
 -7.49614 -7.49598 -7.49598 -7.48595 -7.48595 
 -7.48594 -7.48594 -7.48593 -7.48593 -7.48592 
 -7.48592 -3.23790 -3.23790 -3.23548 -3.23548 
 -3.23225 -3.23225 -3.23222 -3.23222 -3.23147 
 -3.23147 -3.23145 -3.23145 -3.21881 -3.21880 
 -3.21880 -3.21880 -3.21876 -3.21875 -3.21875 
 -3.21874 -1.10539 -1.10109 -0.94631 -0.94631 
 -0.53448 -0.53407 -0.52203 -0.50547 -0.50547 
 -0.48800 -0.40732 -0.40413 -0.40413 -0.40128 
1 In au. 2 The MO energies are given in the sequence, stating from that of y1 to that of y70 (HOMO). 
3 ∑i ne i = -6253.48986 au. 
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Table S8. MO energies of Br2 (D∞h), evaluated with MP2/6-311+G(3df).1–3 

 -490.08177 -490.08177 -65.21258 -65.21258 -58.57352 
 -58.57352 -58.57114 -58.57114 -58.57114 -58.57114 
 -9.88408 -9.88403 -7.49871 -7.49855 -7.48852 
 -7.48852 -7.48850 -7.48850 -3.24047 -3.23805 
 -3.23480 -3.23480 -3.23404 -3.23404 -3.22138 
 -3.22138 -3.22134 -3.22134 -1.10521 -0.94861 
 -0.53638 -0.50711 -0.50711 -0.40658 -0.40658 
1 In au. 2 The MO energies are given in the sequence, stating from that of y1 to that of y35 (HOMO). 
3 ∑inei = -3126.91786 au. 
 
 
 
 
 
 
Table S9. MO energies of Br4 (Cs-L1), evaluated with MP2/6-311+G(3df).1–3 

 -490.09014 -490.08757 -490.0782 -490.07502 -65.22097 
 -65.21835 -65.20892 -65.20586 -58.58188 -58.57956 
 -58.57953 -58.57931 -58.57689 -58.57689 -58.56989 
 -58.56742 -58.56742 -58.56677 -58.56445 -58.56445 
 -9.89241 -9.88978 -9.88031 -9.87733 -7.50687 
 -7.50444 -7.49705 -7.49685 -7.49494 -7.49415 
 -7.49415 -7.49176 -7.48458 -7.48457 -7.48191 
 -7.48191 -3.24797 -3.24460 -3.24287 -3.24265 
 -3.24014 -3.24013 -3.23602 -3.23194 -3.23073 
 -3.23072 -3.22988 -3.22988 -3.22756 -3.22756 
 -3.22692 -3.22692 -3.21734 -3.21734 -3.21488 
 -3.21488 -1.11316 -1.09874 -0.95691 -0.94393 
 -0.54562 -0.54174 -0.51474 -0.50616 -0.50105 
 -0.49936 -0.41412 -0.41389 -0.40155 -0.40148 
1 In au. 2 The MO energies are given in the sequence, stating from that of y1 to that of y70 (HOMO). 
3 ∑inei = -6253.97176 au. 
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Table S10. The De i values for Br4 (Cs-L1), relative to 2Br2 (D∞h), evaluated with MP2/6-311+G(3df).1–3 

 -21.975435 -15.227900 9.373035 17.722125 -22.027945 
 -15.149135 9.609330 17.643360 -21.949180 -15.858020 
 -15.779255 -15.201645 -15.096625 -15.096625 3.281875 
 9.766860 9.766860 11.473435 17.564595 17.564595 
 -21.870415 -14.965350 9.766860 17.590850 -21.424080 
 -15.044115 3.938250 4.463350 -16.855710 -14.781565 
 -14.781565 -8.506620 10.291960 10.318215 17.302045 
 17.302045 -19.691250 -10.843315 -12.654910 -12.077300 
 -14.020170 -13.993915 -3.203110 7.508930 8.690405 
 8.716660 10.922080 10.922080 -16.225590 -16.225590 
 -14.545270 -14.545270 10.502000 10.502000 16.960730 
 16.960730 -20.872725 16.986985 -21.791650 12.287340 
 -24.259620 -14.072680 -20.032565 2.494225 15.910530 
 20.347625 -19.796270 -19.192405 13.206265 13.390050 
1 In kJ mol–1. 2 The Dei values are given in the sequence, stating from that of y1 to that of y70 (HOMO) for 
Br4 (Cs-L1). 3 D∑i ne i = -357.2 kJ mol–1. 
 

 
 

Table S11. Energies for the Br4 clusters and 2Br2, together with the differences between the two.1,2 
Species E ∑i

nei ∑i
n Hc(i) (∑i≠j

nJij – ∑i≠j,||
nKij)/2 

(symmetry) (DE)3 (D∑i
nei)3 (D∑i

n Hc(i))3 D((∑i≠j
nJij – ∑i≠j,||

nKij)/2)3 

Br4 (C2h) -10290.13146 -6253.61194 -14326.65098 4036.51952 
 (-0.00305) (0.22378)  (-0.22988) (0.22073) 
 (-8.0)4 (587.5)4 (-603.5)4 (595.5)4 

Br4 (D2d) -10290.13188 -6253.48986 -14326.7739 4036.64202 
 (-0.00347) (0.34586)  (-0.35280) (0.34933) 
 (-9.1)4 (908.1)4  (-926.3)4 (917.2)4 

Br4 (Cs-L1) -10290.13250 -6253.97176 -14326.29324 4036.16074 
 (-0.00409) (-0.13604)  (0.12786) (-0.13195) 
 (-10.7)4 (-357.2)4 (335.7)4 (-346.4)4 

2Br2 (D∞h) -10290.12841 -6253.83572 -14326.4211 4036.29269 
 (as 0.0)4 (as 0.0)4 (as 0.0)4 (as 0.0)4 

 
1 Evaluated with MP2/6-311+G(3df). 2 In au. 3 Values from 2Br2 (D∞h) are given in the parenthesis. 4 In kJ 
mol–1. 
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Figure S1. Plot of DEZP versus DEES for Br4–Br12, relative to those of Br2, respectively. 
 
 

 
Figure S2. Plots of DEES for Br2–Br12 (Cs-Ln). Contributions from DEES (Br4) are shown by ■, from DEES 
(Br6) by ■ + ■ and those inside contributions are by ■ + ■ + ■. The ■ area appears each 
column for Br8–Br12, although very slightly for Br8 and Br10, which shows to the contributions of DEES 
becomes larger in the order of DEES (Br4) < (DEES (Br6) – DEES (Br4)) ≤ inside DEES for Br8–Br12. 
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Figure S3. Optimized structures for the cyclic bromine clusters of Br8–Br12, together with the linear type 
bromine cluster of Br10, calculated with MP2/6-311+G(3df). 
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Figure S4. Plot of q and qp versus R for the non-covalent Br-*-Br interactions at the BCPs in the fully 
optimized structures of Br4–Br12. Correlations are given in the figure. 
 

 

 
Figure S5. Plot of qp versus q for the non-covalent Br-*-Br interactions at the BCPs in the fully optimized 
structures of Br4–Br12. The correlation is given in the figure. 
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Figure S6. Plot of E(2) versus R for the non-covalent Br-*-Br interactions in Br4 (Cs-L1)–Br12 (Cs-L5), 

calculated with MP2/6-311+G(3df). The correlation is given in the figure. 

 

 

 

 

Figure S7. Plot of E(2) versus q for the non-covalent Br-*-Br interactions in Br4 (Cs-L1)–Br12 (Cs-L5), 
calculated with MP2/6-311+G(3df). The correlation is given in the figure. 
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Figure S8. Plot of E(2) versus qp for the non-covalent Br-*-Br interactions in Br4 (Cs-L1)–Br12 (Cs-L5), 
calculated with MP2/6-311+G(3df). The correlation is given in the figure. 

 

 

Figure S9. MOi (i = 70, 67, 64, 35 and 30) and the energies relative to those corresponding to 2Br2. 
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Optimized structures given by Cartesian coordinates 

Optimized structures given by Cartesian coordinates for examined molecules, together with the total 
energies with MP2/6-311+G(3df) method of the Gaussian 09 program. The optimized structures were 
confirmed by the frequency analysis. 
 
 
MP2/6-311+G(3df) 
Specie Br4 (Cs-L1) 
Symmetry Cs 
energy MP2 = -10290.1324977 au 
Standard orientation 
35           0       -0.407495   -2.784878    0.000000 
35           0        1.609803   -1.720824    0.000000 
35           0        0.000000    1.280008    0.000000 
35           0       -1.202308    3.225694    0.000000 
 
 
MP2/6-311+G(3df) 
Specie Br6 (Cs-L2) 
Symmetry Cs 
energy MP2 =-15435.2012054 au 
Standard orientation 
     35           0        3.382958    3.375048    0.000000 
     35           0        3.362728    1.094234    0.000000 
     35           0        0.000000    1.086946    0.000000 
     35           0       -2.287191    1.168322    0.000000 
     35           0       -2.303876   -2.220695    0.000000 
     35           0       -2.154620   -4.503857    0.000000 
 
 
MP2/6-311+G(3df) 
Specie Br8 (Cs-L3) 
Symmetry Cs 
energy MP2 = -20580.2699574 au 
Standard orientation 
     35           0       -2.246779   -6.404496    0.000000 
     35           0       -3.373405   -4.421256    0.000000 
     35           0       -0.465337   -2.739637    0.000000 
     35           0        1.563545   -1.679916    0.000000 
     35           0        0.000000    1.273524    0.000000 
     35           0       -1.160973    3.247127    0.000000 
     35           0        1.803874    4.880304    0.000000 
     35           0        3.879074    5.844349    0.000000 
 
 
MP2/6-311+G(3df) 
Specie Br10 (Cs-L4) 
Symmetry Cs 
energy MP2 = -25725.3387378 au 
Standard orientation 
     35           0       -2.440025   -8.531026    0.000000 
     35           0       -0.614927   -7.150697    0.000000 
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     35           0        1.938554   -4.931969    0.000000 
     35           0        0.390124   -3.244866    0.000000 
     35           0       -1.757302   -0.690650    0.000000 
     35           0        0.000000    0.777898    0.000000 
     35           0        2.454038    3.039276    0.000000 
     35           0        0.891195    4.711823    0.000000 
     35           0       -1.291565    7.261926    0.000000 
     35           0        0.429908    8.758286    0.000000 
 
 
MP2/6-311+G(3df) 
Specie Br12 (Cs-L5) 
Symmetry Cs 
energy MP2 = -30870.4075278 au 
Standard orientation 
     35           0        0.512403   10.862176    0.000000 
     35           0        1.829015    8.990545    0.000000 
     35           0        3.584135    6.099811    0.000000 
     35           0        1.595800    4.963565    0.000000 
     35           0       -1.225235    3.185559    0.000000 
     35           0        0.000000    1.250467    0.000000 
     35           0        1.648325   -1.645351    0.000000 
     35           0       -0.347100   -2.769491    0.000000 
     35           0       -3.169107   -4.544668    0.000000 
     35           0       -1.938565   -6.474919    0.000000 
     35           0       -0.261318   -9.381495    0.000000 
     35           0       -2.228353  -10.536198    0.000000 
 
 
MP2/6-311+G(3df) 
Specie Br6 (C2) 
Symmetry C2 
energy MP2 = -15435.2006538 au 
Standard orientation 
     35           0        0.664554    4.574552    1.292638 
     35           0       -0.664554    4.522621   -0.560022 
     35           0       -0.194747    1.129574   -0.732616 
     35           0        0.194747   -1.129574   -0.732616 
     35           0        0.664554   -4.522621   -0.560022 
     35           0       -0.664554   -4.574552    1.292638 
 
 
MP2/6-311+G(3df) 
Specie Br10 (C2) 
Symmetry C2 
energy MP2 = -25725.3380218 au 
Standard orientation 
     35           0        0.290076    6.782823    2.862349 
     35           0        1.282635    4.767747    2.466179 
     35           0       -0.446337    4.425735   -0.402788 
     35           0       -1.652852    4.251584   -2.339486 
     35           0       -0.446337    1.056278   -2.586254 
     35           0        0.446337   -1.056278   -2.586254 
     35           0        1.652852   -4.251584   -2.339486 
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     35           0        0.446337   -4.425735   -0.402788 
     35           0       -1.282635   -4.767747    2.466179 
     35           0       -0.290076   -6.782823    2.862349 
 
 
MP2/6-311+G(3df) 
Specie Br4 (C2h) 
Symmetry C2h 
energy MP2 = -10290.1314558 au 
Standard orientation 
     35           0        1.901330    1.856723    0.000000 
     35           0        1.901330   -0.423437    0.000000 
     35           0       -1.901330   -1.856723    0.000000 
     35           0       -1.901330    0.423437    0.000000 
 
 
MP2/6-311+G(3df) 
Specie Br4 (D2d) 
Symmetry D2d 
energy MP2 = -10290.1318778 au 
Standard orientation 
     35           0        0.000000    1.139888    1.858334 
     35           0        0.000000   -1.139888    1.858334 
     35           0       -1.139888    0.000000   -1.858334 
     35           0        1.139888    0.000000   -1.858334 
 
 
MP2/6-311+G(3df) 
Specie Br6 (C3h-c) 
Symmetry C3h 
energy MP2 = -15435.2037071 au 
Standard orientation 
     35           0        0.000000    2.230225    0.000000 
     35           0       -2.280892    2.378551    0.000000 
     35           0       -1.931432   -1.115113    0.000000 
     35           0       -0.919440   -3.164586    0.000000 
     35           0        1.931432   -1.115113    0.000000 
     35           0        3.200332    0.786035    0.000000 
 
 
MP2/6-311+G(3df) 
Specie Br8 (S4) 
Symmetry S4 
energy MP2 = -20580.2751657 au 
Standard orientation 
     35           0        2.553906    2.796826    0.838944 
     35           0        0.374259    2.796826    0.134571 
     35           0       -2.796826    2.553906   -0.838944 
     35           0       -2.796826    0.374259   -0.134571 
     35           0       -2.553906   -2.796826    0.838944 
     35           0       -0.374259   -2.796826    0.134571 
     35           0        2.796826   -2.553906   -0.838944 
     35           0        2.796826   -0.374259   -0.134571 
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MP2/6-311+G(3df) 
Specie Br8 (S4-Wm) 
Symmetry S4 
energy MP2 = -20580.2766322 au 
Standard orientation 
     35           0       -2.031782    3.124066    1.806844 
     35           0       -0.294784    2.031782    0.788759 
     35           0        3.124066    2.031782   -1.806844 
     35           0        2.031782    0.294784   -0.788759 
     35           0        2.031782   -3.124066    1.806844 
     35           0        0.294784   -2.031782    0.788759 
     35           0       -3.124066   -2.031782   -1.806844 
     35           0       -2.031782   -0.294784   -0.788759 
 
 
MP2/6-311+G(3df) 
Specie Br10 (C2-c) 
Symmetry C2 
energy MP2 = -25725.3493438 au 
Standard orientation 
     35           0       -0.379330   -1.079262    2.470997 
     35           0       -1.180905   -4.135223    0.817156 
     35           0        0.379330   -3.316537   -0.639766 
     35           0        2.543115   -1.105669   -2.235117 
     35           0        1.985400    0.159858   -0.413269 
     35           0        0.379330    1.079262    2.470997 
     35           0        1.180905    4.135223    0.817156 
     35           0       -0.379330    3.316537   -0.639766 
     35           0       -2.543115    1.105669   -2.235117 
     35           0       -1.985400   -0.159858   -0.413269 
 
 
MP2/6-311+G(3df) 
Specie Br12 (Ci) 
Symmetry Ci 
energy MP2 = -30870.41309 au 
Standard orientation 
     35           0        2.096821   -3.941774    1.699011 
     35           0        3.104278   -2.461509    0.270358 
     35           0        4.463857   -0.152307   -1.694819 
     35           0        3.684198    1.458049   -0.264403 
     35           0        2.362164    3.786953    1.703136 
     35           0        0.579133    3.919149    0.271168 
     35           0       -2.096821    3.941774   -1.699011 
     35           0       -3.104278    2.461509   -0.270358 
     35           0       -4.463857    0.152307    1.694819 
     35           0       -3.684198   -1.458049    0.264403 
     35           0       -2.362164   -3.786953   -1.703136 
     35           0       -0.579133   -3.919149   -0.271168 
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Appendix 
 

QTAIM Dual Functional Analysis (QTAIM-DFA) 

The bond critical point (BCP; *) is an important concept in QTAIM. The BCP of (w, s) = (3, –1)S1 is a 
point along the bond path (BP) at the interatomic surface, where charge density r(r) reaches a minimum. It 
is donated by rb(rc), so are other QTAIM functions, such as the total electron energy densities Hb(rc), 
potential energy densities Vb(rc) and kinetic energy densities Gb(rc) at the BCPs. A chemical bond or 
interaction between A and B is denoted by A–B, which corresponds to the BP between A and B in QTAIM. 
We will use A-*-B for BP, where the asterisk emphasizes the presence of a BCP in A–B. 

The sign of the Laplacian rb(rc) (Ñ2rb(rc)) indicates that rb(rc) is depleted or concentrated with respect 
to its surrounding, since Ñ2rb(rc) is the second derivative of rb(rc). rb(rc) is locally depleted relative to the 
average distribution around rc if Ñ2rb(rc) > 0, but it is concentrated when Ñ2rb(rc) < 0. Total electron energy 
densities at BCPs (Hb(rc)) must be a more appropriate measure for weak interactions on the energy basis.S1–

S8 Hb(rc) are the sum of kinetic energy densities (Gb(rc)) and potential energy densities (Vb(rc)) at BCPs, as 
shown in eqn (S1). Electrons at BCPs are stabilized when Hb(rc) < 0, therefore, interactions exhibit the 
covalent nature in this region, whereas they exhibit no covalency if Hb(rc) > 0, due to the destabilization of 
electrons at BCPs under the conditions.S1 Eqn (S2) represents the relation between Ñ2rb(rc) and Hb(rc), 
together with Gb(rc) and Vb(rc), which is closely related to the virial theorem. 

 

Hb(rc) = Gb(rc) + Vb(rc) (SA1) 

(ћ2/8m)Ñ2rb(rc) = Hb(rc) – Vb(rc)/2 (SA2) 

             = Gb(rc) + Vb(rc)/2 (SA2') 

 

Interactions are classified by the signs of Ñ2rb(rc) and Hb(rc). Interactions in the region of Ñ2rb(rc) < 0 
are called shared-shell (SS) interactions and they are closed-shell (CS) interactions for Ñ2rb(rc) > 0. Hb(rc) 
must be negative when Ñ2rb(rc) < 0, since Hb(rc) are larger than (ћ2/8m)Ñ2rb(rc) by Vb(rc)/2 with negative 
Vb(rc) at all BCPs (eqn (S2)). Consequently, Ñ2rb(rc) < 0 and Hb(rc) < 0 for the SS interactions. The CS 
interactions are especially called pure CS interactions for Hb(rc) > 0 and Ñ2rb(rc) > 0, since electrons at 
BCPs are depleted and destabilized under the conditions.S1a Electrons in the intermediate region between 
SS and pure CS, which belong to CS, are locally depleted but stabilized at BCPs, since Ñ2rb(rc) > 0 but 
Hb(rc) < 0.S1a We call the interactions in this region regular CS,S4,S5 when it is necessary to distinguish from 
pure CS. The role of Ñ2rb(rc) in the classification can be replaced by Hb(rc) – Vb(rc)/2, since (ћ2/8m)Ñ2rb(rc) 
= Hb(rc) – Vb(rc)/2 (eqn (S2)). Scheme SA1 summarizes the classification. 
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Scheme SA1. Classification of interactions by the signs of Ñ2rb(rc) and Hb(rc), together with Gb(rc) and 
Vb(rc). 
 

We proposed QTAIM-DFA by plotting Hb(rc) versus Hb(rc) – Vb(rc)/2 (= (ћ2/8m)Ñ2rb(rc)),S4a after the 
proposal of Hb(rc) versus Ñ2rb(rc).S4b Both axes in the plot of the former are given in energy unit, therefore, 
distances on the (x, y) (= (Hb(rc) – Vb(rc)/2, Hb(rc)) plane can be expressed in the energy unit, which provides 
an analytical development. QTAIM-DFA incorporates the classification of interactions by the signs of 
Ñ2rb(rc) and Hb(rc). Scheme SA2 summarizes the QTAIM-DFA treatment. Interactions of pure CS appear 
in the first quadrant, those of regular CS in the fourth quadrant and SS interactions do in the third quadrant. 
No interactions appear in the second one. 
 

 
Scheme SA2. QTAIM-DFA: Plot of Hb(rc) versus Hb(rc) – Vb(rc)/2 for Weak to Strong Interactions. 

 
In our treatment, data for perturbed structures around fully optimized structures are also employed for 

the plots, together with the fully optimized ones (see Figure S1).S4–S8 We proposed the concept of the 
"dynamic nature of interaction" originated from the perturbed structures. The behavior of interactions at 
the fully optimized structures corresponds to "the static nature of interactions", whereas that containing 
perturbed structures exhibit the "dynamic nature of interaction" as explained below. The method to generate 
the perturbed structures is discussed later. Plots of Hb(rc) versus Hb(rc) – Vb(rc)/2 are analyzed employing 
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the polar coordinate (R, q) representation with (qp, kp) parameters.S4a,S5–S8 Figure S1 explains the treatment. 
R in (R, q) is defined by eqn (S3) and given in the energy unit. Indeed, R does not correspond to the usual 
interaction energy, but it does to the local energy at BCP, expressed by [(Hb(rc))2 + (Hb(rc) – Vb(rc)/2)2]1/2 in 
the plot (cf: eqn (S3)), where R = 0 for the enough large interaction distance. The plots show a spiral stream, 
as a whole. q in (R, q) defined by eqn (S4), measured from the y-axis, controls the spiral stream of the plot. 
Each plot for an interaction shows a specific curve, which provides important information of the interaction 
(see Figure S1). The curve is expressed by qp and kp. While qp, defined by eqn (S5) and measured from the 
y-direction, corresponds to the tangent line of a plot, where qp is calculated employing data of the perturbed 
structures with a fully-optimized structure and kp is the curvature of the plot (eqn (S6)). While (R, q) 
correspond to the static nature, (qp, kp) represent the dynamic nature of interactions. We call (R, q) and (qp, 
kp) QTAIM-DFA parameters, whereas rb(rc), Ñ2rb(rc), Gb(rc), Vb(rc), Hb(rc) and Hb(rc) – Vb(rc)/2 belong to 
QTAIM functions. kb(rc), defined by eqn (S7), is an QTAIM function but it will be treated as if it were an 
QTAIM-DFA parameter, if suitable. 

 

 

Figure SA1. Polar (R, q) coordinate representation of Hb(rc) versus Hb(rc) – Vb(rc)/2, with (qp, kp) parameters. 
 
 
 
R = (x2 + y2)1/2 (SA3) 
q = 90º – tan–1 (y/x)  (SA4) 
qp = 90º – tan–1 (dy/dx) (SA5) 
kp = çd2y/dx2ç/[1 + (dy/dx)2]3/2 (SA6) 
kb(rc) = Vb(rc)/Gb(rc) (SA7) 
where (x, y) = (Hb(rc) – Vb(rc)/2, Hb(rc)) 

P (Hb(rc) – Vb(rc)/2, Hb(rc))
   (R, θ; θp, κp)

y: Hb(rc)

x: Hb(rc) – Vb(rc)/2

θ

θp
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Criteria for Classification of Interactions: Behavior of Typical Interactions Elucidated by QTAIM-

DFA  

Hb(rc) are plotted versus Hb(rc) – Vb(rc)/2 for typical interactions in vdW (van der Waals interactions), 
HBs (hydrogen bonds), CT-MCs (molecular complexes through charge transfer), X3– (trihalide ions), CT-
TBPs (trigonal bipyramidal adducts through charge-transfer), Cov-w (weak covalent bonds) and Cov-s 
(strong covalent bonds).S4–S8 Rough criteria are obtained by applying QTAIM-DFA, after the analysis of 
the plots for the typical interactions according to eqns (S3)–(S7). Scheme SA3 shows the rough criteria, 
which are accomplished by the q and qp values, together with the values of kb(rc). The criteria will be 
employed to discuss the nature of interactions in question, as a reference. 

 

 
Scheme SA3. Rough classification and characterization of interactions by q and qp, together with kb(rc) (= 
Vb(rc)/Gb(rc)). 

 

Characterization of interactions 

The characterization of interactions is explained employing [1Cl-2Cl-3Cl]–. The wide range of the 
perturbed structures were generated by partially optimizing r(2Cl-3Cl) in [1Cl-2Cl-3Cl]–, assuming the C∞v 
symmetry, with r(1Cl-2Cl) being fixed in the wide range. The partial optimization method is called 
POM.S4b,S5 The QTAIM functions, such as Vb(rc), Gb(rc), Hb(rc), Hb(rc) – Vb(rc)/2 are calculated at BCPs for 
the wide varieties of the perturbed structures of [1Cl-2Cl-3Cl]–. Hb(rc) – Vb(rc)/2 and Hb(rc) are plotted versus 
the interaction distances r(1Cl-2Cl) in the perturbed structures of [1Cl-2Cl-3Cl]–, in the wide range. Figure 
S2 shows the plots. Each plot is analyzed using a regression curve of the ninth function and the first 
derivative of each regression curve is obtained. As shown in Figure S2, the maximum value of Hb(rc) 
(d(Hb(rc)/dr = 0) is defined as the borderline between vdW and t-HB interactions. Similarly, the maximum 
value of Hb(rc) – Vb(rc)/2 (d(Hb(rc) – Vb(rc)/2)/dr = 0) does to the borderline between CT-MC and CT-TBP. 
However, it seems difficult to find a characteristic point corresponding to the borderline between t-HB and 
CT-MC in nature. Therefore, the borderline is tentatively given by qp = 150º based on the expectation form 
the experimental results, where qp is defined by [90º – tan–1[dHb(rc)/d(Hb(rc) – Vb(rc)/2)]] in the plot of 
Hb(rc) versus Hb(rc) – Vb(rc)/2. The proposed classification and characterization of interactions, by means 
of the QTAIM functions of Hb(rc), Hb(rc) – Vb(rc)/2, Gb(rc) and/or Vb(rc), are summarized in Table S1. The 
plot of Hb(rc) – Vb(rc)/2 versus w in Figure S2 is essentially the same as that of Ñ2rb(rc) versus d(H---F) in 
X–H---F–Y, presented by Espinosa and co-workers.S9 
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Figure SA2. Plot of Hb(rc) versus w in r(1Cl-2Cl) = ro(1Cl-2Cl) + wao for 1Cl-2Cl-3Cl– (a) with the magnified 
picture of (a) (b) and that of Hb(rc) – Vb(rc)/2 versus w (c). Typical hydrogen bonds without covalency and 
typical hydrogen bonds with covalency are abbreviated as t-HB without cov. and t-HB with cov., 
respectively, whereas Cov-w and Cov-s stand for weak covalent bonds and strong covalent bonds, 
respectively. 
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Table SA1. Proposed definitions for the classification and characterization of interactions by the signs 
Hb(rc) and Hb(rc) – Vb(rc)/2 and their first derivatives, together with the tentatively proposed definitions by 
the characteristic points on the plots of Hb(rc) versus Hb(rc) – Vb(rc)/2. The tentatively proposed definitions 
are shown by italic. The requirements for the interactions are also shown. 

ChP/Interaction Requirements by Hb(rc) and Vb(rc) Requirements by Gb(rc) and Vb(rc) 

Origin Hb(rc) – Vb(rc)/2 = 0; Hb(rc) = 0 Gb(rc) = 0; Vb(rc) = 0 

vdW Hb(rc) > 0; dHb(rc)/d(–r) > 0 Gb(rc) > –Vb(rc); dGb(rc)/d(–r) > –dVb(rc)/d(–r) 

Borderline (BD-1) Hb(rc) > 0; dHb(rc)/d(–r) = 0 Gb(rc) > –Vb(rc); dGb(rc)/d(–r) = –dVb(rc)/d(–r) 

t-HBwith no covalency Hb(rc) > 0; dHb(rc)/d(–r) < 0 Gb(rc) > –Vb(rc); dGb(rc) < –dVb(rc) 

Borderline (x-intercept) Hb(rc) = 0 (qp
a = 125º) Gb(rc) = –Vb(rc) (qp

a = 125º) 

t-HBwith covalency Hb(rc) < 0; (125º <) qp
a < 150º Gb(rc) < –Vb(rc); (125º <) qp

b < 150º 

Borderline (Tentative) qp
a = 150º qp

b = 150º  

CT-MC d(Hb(rc) – Vb(rc)/2)/d(–r) > 0; dGb(rc) > dVb(rc)/2;  

 150º < qp
a < 180º 150º < qp

a < 180º 

Borderline (BD-2) d(Hb(rc) – Vb(rc)/2)/d(–r) = 0 2dGb(rc)/d(–r) = –dVb(rc)/d(–r)  

 (Hb(rc) – Vb(rc)/2 > 0; Hb(rc) < 0) (–Vb(rc)/2 < Gb(rc) < –Vb(rc)) 

CT-TBP with X3
– d(Hb(rc) – Vb(rc)/2)/d(–r) < 0 2dGb(rc)/d(–r) < –dVb(rc)/d(–r) 

 (Hb(rc) – Vb(rc)/2 > 0; Hb(rc) < 0) (–Vb(rc)/2 < Gb(rc) < –Vb(rc)) 

Borderline (y-intercept) Hb(rc) – Vb(rc)/2 = 0 (Hb(rc) < 0) Gb(rc) = –Vb(rc)/2 (Gb(rc) < –Vb(rc)) 

Cov-w Hb(rc) – Vb(rc)/2 < 0; Rc < 0.15 au Gb(rc) < –Vb(rc)/2; Rc < 0.15 au 

Borderline (Tentative) Rc = 0.15 au Rd = 0.15 au 

Cov-s Hb(rc) – Vb(rc)/2 < 0; Rc > 0.15 au Gb(rc) < –Vb(rc)/2; Rd > 0.15 au 
a qp = 90º – tan–1 [dHb(rc)/d(Hb(rc) – Vb(rc)/2)], qp = 125º is tentatively given for q = 90º, where q is defined by 90º – 
tan–1[Hb(rc)/(Hb(rc) – Vb(rc)/2)] with Hb(rc) = 0. b qp = 90º – tan–1[d(Gb(rc) + Vb(rc))/d(Gb(rc) + Vb(rc)/2)], qp = 125º is 
tentatively given for q = 90º, where q is defined by 90º – tan–1[(Gb(rc) + Vb(rc))/(Gb(rc) + Vb(rc)/2)] with (Gb(rc) + 
Vb(rc)) = 0]. c R = [(Hb(rc) – Vb(rc)/2)2 + (Hb(rc))2]1/2. d R = [(Gb(rc) + Vb(rc)/2)2 + (Gb(rc) + Vb(rc))2]1/2. 
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