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Table S1. Measured frequencies and residuals (MHz) of the rotational transitions of parent 1,4-

naphthoquinone (1,4-NQ). 

J’ K’-1 K’+1 J” K”-1 K”+1      νobs νobs- νcalc 

4 2 2 4 2 3 2466.111 0.001 
3 1 2 3 1 3 2787.477 0.002 
3 3 1 3 1 2 2878.437 -0.001 
2 1 2 1 1 1 2892.361 0.000 
7 4 3 7 4 4 3003.726 -0.002 
2 0 2 1 0 1 3061.544 0.000 
3 2 2 3 0 3 3102.662 0.001 
4 3 2 4 1 3 3328.290 0.001 
6 3 3 6 3 4 3541.535 0.005 
2 1 1 1 1 0 3878.267 0.001 
5 2 3 5 2 4 3909.311 0.001 
4 1 3 4 1 4 4105.245 0.001 
3 1 3 2 1 2 4172.865 0.000 
4 2 3 4 0 4 4188.537 0.003 
5 3 3 5 1 4 4219.198 0.000 
3 0 3 2 0 2 4226.930 -0.000 
7 3 4 7 3 5 5046.715 -0.002 
3 2 2 2 2 1 5077.971 0.001 
6 2 4 6 2 5 5248.875 -0.001 
6 3 4 6 1 5 5327.905 -0.002 
5 1 4 5 1 5 5345.506 0.000 
5 2 4 5 0 5 5361.962 0.002 
4 1 4 3 1 3 5393.863 -0.000 
4 0 4 3 0 3 5404.241 0.000 
3 1 2 2 1 1 5481.484 0.000 
3 2 1 2 2 0 5929.010 0.000 
8 3 5 8 3 6 6387.251 -0.004 
4 2 3 3 2 2 6490.119 0.001 
7 2 5 7 2 6 6495.268 -0.002 
7 3 5 7 1 6 6511.430 -0.003 
6 1 5 6 1 6 6555.189 0.005 
6 2 5 6 0 6 6557.958 0.006 
5 1 5 4 1 4 6597.453 -0.000 
5 0 5 4 0 4 6599.059 -0.000 
4 1 3 3 1 2 6711.630 0.000 
4 3 2 3 3 1 7161.483 0.000 
7 1 6 7 1 7 7757.361 0.000 
7 2 6 7 0 7 7757.774 -0.001 
5 2 4 4 2 3 7772.480 -0.001 
4 2 2 3 2 1 7781.419 0.002 
6 1 6 5 1 5 7797.645 -0.000 
6 0 6 5 0 5 7797.867 -0.000 
4 3 1 3 3 0 7815.525 0.001 
5 1 4 4 1 3 7837.714 -0.000 
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Table S2. Measured frequencies and residuals (MHz) of the rotational transitions of the 13C2 isotopologue of 
1,4-NQ. 

J’ K’-1 K’+1 J” K”-1 K”+1      νobs νobs- νcalc 

2 1 2 1 1 1 2868.691 0.001 
2 0 2 1 0 1 3042.175 -0.001 
2 1 1 1 1 0 3838.530 0.001 
3 1 3 2 1 2 4143.342 0.000 
3 0 3 2 0 2 4201.757 0.000 
3 2 2 2 2 1 5030.416 0.001 
4 1 4 3 1 3 5358.059 0.000 
4 0 4 3 0 3 5369.877 -0.000 
3 1 2 2 1 1 5439.556 0.000 
3 2 1 2 2 0 5859.072 0.000 
4 2 3 3 2 2 6438.682 -0.000 
5 1 5 4 1 4 6554.345 0.000 
5 0 5 4 0 4 6556.267 -0.000 
4 1 3 3 1 2 6674.359 -0.001 
4 3 2 3 3 1 7086.536 -0.001 
4 2 2 3 2 1 7708.558 -0.001 
4 3 1 3 3 0 7709.915 -0.000 
5 2 4 4 2 3 7718.256 0.002 
6 1 6 5 1 5 7746.826 -0.000 
6 0 6 5 0 5 7747.105 -0.000 
5 1 4 4 1 3 7791.839 -0.000 

 

 

TABLE S3. Measured frequencies and residuals (MHz) of the rotational transitions of the 13C1 isotopologue of 
1,4-NQ. 

J’ K’-1 K’+1 J” K”-1 K”+1      νobs νobs- νcalc 

2 1 2 1 1 1 2883.396 0.001 
2 0 2 1 0 1 3050.110 0.000 
2 1 1 1 1 0 3868.919 0.000 
3 1 3 2 1 2 4158.363 0.000 
3 0 3 2 0 2 4210.696 0.001 
3 2 2 2 2 1 5064.234 0.000 
4 1 4 3 1 3 5374.344 0.000 
4 0 4 3 0 3 5384.212 0.000 
3 1 2 2 1 1 5463.360 0.000 
3 2 1 2 2 0 5917.772 0.000 
4 2 3 3 2 2 6469.372 -0.000 
5 1 5 4 1 4 6573.363 -0.001 
5 0 5 4 0 4 6574.863 -0.001 
4 1 3 3 1 2 6684.872 -0.000 
4 3 2 3 3 1 7144.756 -0.000 
5 2 4 4 2 3 7745.188 -0.000 
4 2 2 3 2 1 7760.123 0.002 
6 1 6 5 1 5 7769.135 0.002 
6 0 6 5 0 5 7769.337 -0.000 
4 3 1 3 3 0 7805.277 -0.001 
5 1 4 4 1 3 7807.399 -0.001 
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TABLE S4. Measured frequencies and residuals (MHz) of the rotational transitions of the 13C9 isotopologue of 
1,4-NQ. 

J’ K’-1 K’+1 J” K”-1 K”+1      νobs νobs- νcalc 

2 1 2 1 1 1 2891.049 -0.001 
2 0 2 1 0 1 3059.494 0.001 
2 1 1 1 1 0 3877.423 -0.001 
3 1 3 2 1 2 4170.439 0.001 
3 0 3 2 0 2 4223.942 -0.000 
3 2 2 2 2 1 5076.355 -0.000 
4 1 4 3 1 3 5390.462 0.000 
4 0 4 3 0 3 5400.670 0.001 
3 1 2 2 1 1 5478.619 -0.000 
3 2 1 2 2 0 5928.768 -0.000 
4 2 3 3 2 2 6486.965 -0.000 
5 1 5 4 1 4 6593.219 0.000 
5 0 5 4 0 4 6594.789 0.000 
4 1 3 3 1 2 6706.549 -0.001 
4 3 2 3 3 1 7160.109 -0.000 
5 2 4 4 2 3 7767.866 0.001 
4 2 2 3 2 1 7778.871 0.001 
6 1 6 5 1 5 7792.626 -0.001 
6 0 6 5 0 5 7792.842 -0.001 
4 3 1 3 3 0 7816.765 -0.000 
5 1 4 4 1 3 7832.095 0.000 

 

TABLE S5. Measured frequencies and residuals (MHz) of the rotational transitions of the 13C8 isotopologue of 
1,4-NQ. 

J’ K’-1 K’+1 J” K”-1 K”+1      νobs νobs- νcalc 

2 1 2 1 1 1 2878.162 0.002 
2 0 2 1 0 1 3046.457 -0.001 
2 1 1 1 1 0 3859.304 0.001 
3 1 3 2 1 2 4152.332 -0.001 
3 0 3 2 0 2 4206.088 0.000 
3 2 2 2 2 1 5053.096 -0.000 
4 1 4 3 1 3 5367.300 -0.000 
4 0 4 3 0 3 5377.613 -0.000 
3 1 2 2 1 1 5454.542 0.000 
3 2 1 2 2 0 5900.105 0.001 
4 2 3 3 2 2 6458.236 -0.000 
5 1 5 4 1 4 6564.959 0.002 
5 0 5 4 0 4 6566.549 -0.002 
4 1 3 3 1 2 6678.511 -0.001 
4 3 2 3 3 1 7126.477 -0.000 
5 2 4 4 2 3 7734.228 -0.000 
4 2 2 3 2 1 7743.297 0.000 
6 1 6 5 1 5 7759.236 0.001 
6 0 6 5 0 5 7759.455 -0.001 
4 3 1 3 3 0 7777.547 -0.001 
5 1 4 4 1 3 7799.063 0.000 
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TABLE S6. Measured frequencies and residuals (MHz) of the rotational transitions of the 13C7 isotopologue of 
1,4-NQ. 

J’ K’-1 K’+1 J” K”-1 K”+1      νobs νobs- νcalc 

2 1 2 1 1 1 2859.046 0.001 
2 0 2 1 0 1 3034.489 -0.001 
2 1 1 1 1 0 3821.962 -0.000 
3 1 3 2 1 2 4131.501 -0.000 
3 0 3 2 0 2 4191.971 0.000 
3 2 2 2 2 1 5010.754 -0.000 
4 1 4 3 1 3 5343.849 0.000 
4 0 4 3 0 3 5356.374 -0.000 
3 1 2 2 1 1 5422.388 -0.001 
3 2 1 2 2 0 5829.538 0.000 
4 2 3 3 2 2 6417.706 -0.001 
5 1 5 4 1 4 6537.294 0.000 
5 0 5 4 0 4 6539.377 -0.001 
4 1 3 3 1 2 6659.910 -0.001 
4 3 2 3 3 1 7055.245 0.001 
4 3 1 3 3 0 7665.012 -0.000 
4 2 2 3 2 1 7678.084 -0.000 
5 2 4 4 2 3 7696.511 0.001 
6 1 6 5 1 5 7726.739 0.000 
6 0 6 5 0 5 7727.049 -0.001 
5 1 4 4 1 3 7774.144 0.001 

 

 

TABLE S7. Measured frequencies and residuals (MHz) of the rotational transitions of the 18O isotopologue of 
1,4-NQ. 

J’ K’-1 K’+1 J” K”-1 K”+1      νobs νobs- νcalc 

2 1 2 1 1 1 2852.255 -0.003 
2 0 2 1 0 1 3000.406 0.001 
2 1 1 1 1 0 3848.963 -0.001 
3 1 3 2 1 2 4100.236 -0.003 
3 0 3 2 0 2 4139.913 -0.001 
3 2 2 2 2 1 5025.916 0.000 
4 1 4 3 1 3 5293.202 0.001 
4 0 4 3 0 3 5299.587 0.001 
3 1 2 2 1 1 5391.918 -0.001 
3 2 1 2 2 0 5911.915 -0.003 
4 2 3 3 2 2 6392.987 0.001 
5 1 5 4 1 4 6472.577 -0.001 
5 0 5 4 0 4 6473.411 -0.001 
4 1 3 3 1 2 6562.945 -0.000 
4 3 2 3 3 1 7112.534 -0.000 
5 2 4 4 2 3 7634.142 0.001 
6 1 6 5 1 5 7649.760 0.001 
6 0 6 5 0 5 7649.858 0.002 
5 1 4 4 1 3 7675.342 -0.001 
4 2 2 3 2 1 7694.185 0.003 
4 3 1 3 3 0 7836.198 0.001 
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Table S8. rs atomic coordinates calculated from different pairs of rotational constants of 1,4-NQ, and their 
average values. 

 A+B A+C B+C Average 

 |a|/Å |b|/Å |a|/Å |b|/Å |a|/Å |b|/Å |a|/Å |b|/Å 
13C2/3 2.2580(7) 0.6685(3) 2.2576(7) 0.6686(2) 2.2581(7) 0.6668(3) 2.2579(7) 0.6680(3) 
13C1/4 0.9944(5) 1.4533(10) 0.9945(5) 1.4534(10) 0.9945(5) 1.4534(10) 0.9945(5) 1.4534(10) 
13C9/10 0.2537(60) 0.6930(2) 0.2527(60) 0.6930(2) 0.2537(60) 0.6926(2) 0.2534(60) 0.6929(2) 
13C8/5 1.4911(10) 1.4002(11) 1.4907(10) 1.4003(11) 1.4912(10) 1.4000(11) 1.4910(10) 1.4002(10) 
13C7/6 2.6960(6) 0.6976(2) 2.6960(6) 0.6978(2) 2.6960(6) 0.6978(2) 2.6960(6) 0.6977(2) 
18O 1.0341(5) 2.6759(6) 1.0332(5) 2.6761(6) 1.0347(5) 2.6755(6) 1.0340(5) 2.6758(6) 

Errors include Costain’s error. 

 

Table S9. Equilibrium rotational constants Be
calc., and ground state constants B0

calc. from B3LYP/6-
311++G(d,p) anharmonic frequency calculations, and semi-experimental equilibrium rotational constants 
Be

SE of 1,4-NQ. 

 
 Be

calc./MHz B0
calc./MHz Be

SE/MHz 

     
Parent A 1326.154 1318.506 1335.940 

 B 1092.375 1085.688 1099.493 

 C 598.983 595.689 603.146 

     
13C2 A 1324.690 1317.021 1334.498 

 B 1080.458 1073.902 1087.419 

 C 595.087 591.825 599.204 

     
13C1 A 1318.876 1311.289 1328.656 

 B 1089.958 1083.329 1097.049 

 C 596.770 593.504 600.924 

     
13C9 A 1324.440 1316.879 1334.185 

 B 1092.183 1085.500 1099.336 

 C 598.575 595.301 602.740 

     
13C8 A 1319.591 1312.115 1329.160 

 B 1087.005 1080.300 1094.174 

 C 596.029 592.763 600.163 

     
13C7 A 1324.601 1317.008 1334.331 

 B 1075.401 1068.799 1082.457 

 C 593.532 590.268 597.661 

     
18O A 1279.843 1272.527 1289.295 

 B 1086.333 1079.723 1093.439 

 C 587.588 584.379 591.686 

 

Table S10. re
SE atomic coordinates calculated from different pairs of rotational constants of 1,4-NQ, and 

their average values. 
 A+B A+C B+C Average 

 |a|/Å |b|/Å |a|/Å |b|/Å |a|/Å |b|/Å |a|/Å |b|/Å 
13C2/3 2.2568(7)[a] 0.6600(3) 2.2567(7) 0.6600(3) 2.2568(7) 0.6598(3) 2.2567(7) 0.6599(3) 
13C1/4 1.0003(2) 1.4513(10) 1.0003(5) 1.4513(10) 1.0003(5) 1.4513(10) 1.0003(5) 1.4513(10) 
13C9/10 0.2554(9) 0.7068(21) 0.2579(8) 0.7068(21) 0.2554(9) 0.7077(21) 0.2562(9) 0.7071(21) 
13C8/5 1.4791(10) 1.4101(11) 1.4793(10) 1.4102(11) 1.4791(10) 1.4104(11) 1.4792(10) 1.4102(10) 
13C7/6 2.6860(6) 0.7058(21) 2.6860(6) 0.7058(21) 2.6860(6) 0.7059(21) 2.6860(6) 0.7058(21) 
18O 1.0341(5) 2.6705(6) 1.0338(5) 2.6705(6) 1.0342(5) 2.6703(6) 1.0340(5) 2.6704(6) 

[a] Errors include Costain’s error. 
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Table S11. Least squares fit (last iteration) of the mass-weighted rm structure of 1,4-NQ.  
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TABLE S12. Cartesian coordinates (in Angstroms) of the optimized geometry of naphthoquinone with 

different computational methods.  

 

 B3LYP/6-311++G(d,p) 

 1         C     0.000000     0.000000    0.000000 
 2         C     0.000000     0.000000    1.483885 
 3         C     1.326809     0.000000   -0.683254 
 4         C     1.133441    -0.000226    2.198548 
 5         C     2.516955    -0.000184    0.067161 
 6         C     2.472374    -0.000338    1.558891 
 7         O   -1.051880     0.000052   -0.618246 
 8         C     1.385827     0.000127   -2.078769 
 9         C     2.618747     0.000104   -2.722899 
 10       C     3.800538    -0.000070  -1.977751 
 11       C     3.750749    -0.000224  -0.587602 
 12       O    3.483655    -0.000605    2.241507 
 13       H     0.458030     0.000255  -2.637771 
 14       H    -0.979207     0.000097   1.950578 
 15       H     1.134431   -0.000290    3.283285 
 16       H     4.655081   -0.000373    0.008611 
 17       H     4.759317   -0.000089   -2.483583 
 18       H     2.661925    0.000211   -3.806072 
 

MP2/6-311++G(d,p) 

1       C     0.000000     0.000000     0.000000 
2       C     0.000000     0.000000     1.483200 
3       C     1.325515     0.000000    -0.684962 
4       C     1.144856     0.001403     2.201479 
5       C     2.519784     0.001172     0.064760 
6       C     2.480690     0.001800     1.555910 
7       O   -1.057767    -0.000427    -0.625512 
8       C     1.379557    -0.000632    -2.087054 
9       C     2.615600    -0.000354    -2.736230 
10     C     3.805106     0.000689    -1.989638 
11     C     3.758388     0.001402    -0.594311 
12     O     3.504025     0.002757     2.236203 
13     H     0.447629    -0.001377    -2.645164 
14     H    -0.977983    -0.000417    1.958663 
15     H     1.142647     0.001750     3.288876 
16     H     4.666293     0.002191     0.002087 
17     H     4.765005     0.000893    -2.498978 
18     H     2.656701    -0.000904    -3.822117 
 

M062X/6-311++G(d,p) 

1       C     0.000000     0.000000     0.000000 
2       C     0.000000     0.000000     1.487687 
3       C     1.326465     0.000000    -0.686356 
4       C     1.130012    -0.000137     2.197094 
5       C     2.511493    -0.000099     0.057586 
6       C     2.469821    -0.000232     1.550515 
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7       O    -1.041880   -0.000041    -0.614793 
8       C     1.377166     0.000076    -2.077684 
9       C     2.607222     0.000085    -2.721995 
10     C     3.788304    -0.000001    -1.980540 
11     C     3.742542    -0.000102    -0.592719 
12     O     3.476313    -0.000431     2.221642 
13     H     0.446297     0.000136    -2.632020 
14     H    -0.980003     0.000056     1.952177 
15     H     1.137590    -0.000164     3.281584 
16     H     4.646390    -0.000181     0.004655 
17     H     4.745243     0.000005    -2.488550 
18     H     2.648943     0.000154    -3.804624 
 

 


