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Table 1. Average ranks of correct answers
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Scoring equation

Average rank

A Zly/Zls x 100 27.1
B [Zlh—ZIy]/ Zls x 100 10.4
C [Zlh-ZI4]/Zls x 100 6.3
D [Zlh-Z[ls—In|]/Zls x 100 17.4
E [Zlh-ZIh—X/ls—I|]/ Zls x 100 7.5
F o [Zlh-ZIy = X|ls— Ih/]/ Zls x 100 5.6
G [Zls-Zly]/Zls x 100 215
H [Zls-Z1,]/Zls x 100 45
I [Sls—Z|ls—Ih|]/ Zls x 100 14.0
b [Bls—Zlh—Z|ls— In|]/ Zls x 100 9.8
K [Zls—ZIy’ = Z|ls— In[]/ Zls x 100 6.0
L [NsZlslh — (Zls)(ZIn)] / [NsZl? — (Z1s)?]Y2 / [NsZIn? — (Z11)2]H2 x 100 37.9
M [NfZlslh = (Cls)E11)] / [N£Zls2 = (Zls)2]Y2 1 [N 212 = (Z1£)2]¥2 x 100 1.7

I: peak intensity (absorbance), N: number of peaks, s: sample (input), f: file, h: hit peaks among file
peaks, n: non-hit peaks among file peaks, n’: non-hit peaks stronger than the weakest sample peak.
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Table 2. Number of compounds which contain the func-
tional group (Nc), number of compounds which contain
it but are estimated not to contain (Ncn), number of com-
pounds which do not contain it (Nn), number of com-
pounds which do not contain it but are estimated to con-
tain (Nnc), and error rate % (E)

Functional Nc  Ncn Nn Nnc E
group

C=0 4570 342 5046 389 7.6
Cc=C 2135 967 7481 1364 24.2
C=N 223 68 9393 150 2.3
C-0-C 1264 459 8352 752 126
Benzenering 4572 698 5044 705 14.6
NO, 485 109 9131 212 33
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Table 3. Main functional groups, sub-functional groups, structures, numbers of substances that contain those groups (N),
and identification accuracies (%) for present (P) and absent (A) groups

Main functional group  Sub-functional group  Structure N P A
AMIDE 1024 83.0 80.7
AMIDE1 CO-NH3 136 912 853
AMIDE2 CO-NHR 608 819 829
AMIDE3 CO-NR; 214 729 757
AMIDE4 beta-lactam 12 833 333
AMIDES gamma-lactam 10 80.0 80.0
AMIDE®6 delta-lactam 2 100.0 100.0
AMIDE7 R-O-CO-NHR 4 100.0 0.0
AMIDES NHR-CO-NHR 132 894 727
AMINO 682 80.6 812
AMINO1 R-NH; 232 845 86.2
AMINO2 Ar-NH, 188 883 819
AMINO3 R-NH-R 82 756 756
AMINO4 R-NH-Ar 50 80.0 76.0
AMINO5 Ar-NH-Ar 16 1000 625
AMINOG6 NR3 152 618 632
BENZ 886 720 75.6
BENZ1 mono-substituted benzene ring 262 87.0 878
BENZ2 o-di-substituted benzene ring 256 703 828
BENZ3 m-di-substituted benzene ring 72 86.1 66.7
BENZ4 p-di-substituted benzene ring 188 78.7 87.2
BENZ5 1,2, 4-tri-substituted benzenering 124  66.1  75.8
BENZ6 1,2,3-tri-substituted benzenering 76 76.3 684
BENZ7 1,3,5-tri-substituted benzene ring 10 20.0 60.0
CDC 1304 638 66.6
CDC1 CH,=CHR 186 796 86.0
CDC2 CH,=CR; 80 775 75.0
CDC3 CHR=CHR(cis) 462 66.2 645
CDC4 CHR=CHR(trans) 84 833 738
CDC5 CHR=CR; 528 60.6  65.9
CDC6 CR,=CR; 148 446 743
CDC7 C=C=C 2 100.0 100.0
CDCs8 c=C 86 90.7 76.7
CHO 154 727 805
CHO1 R-CHO 34 88.2 70.6
CHO2 C=C-CHO 30 100.0 86.7
CHO3 Ar-CHO 90 66.7 778
COOH 742 911 865
COOH1 R-COCH 302 742 828
COOH2 CX-COOH 24 91.7 833
COOH3 C=C-COCH 62 90.3 710
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COOH4 Ar-COOH 174 885 816

COOH5 amino acid 182  96.7 95.6
CTN 670 743 982
CTN1 R-C=N 292  63.0 959
CTN2 C=C-C=N 162 864 938
CTN3 Ar-C=N 220 636 964
ESTER 518 89.2 89.2
ESTER1 R-COO-R 304 868 954
ESTER2 C=C-COO-R 76 947 632
ESTER3 R-COO-C=C 12 83.3 100.0
ESTER4 C=C-CO0-C=C 4 100.0 50.0
ESTER5S Ar-COO-R 84 90.5 78.6
ESTERG6 R-COO-Ar 24 91.7 100.0
ESTER7 Ar-COO-Ar 6 66.7 100.0
ESTERS C=C-COO-Ar 6 1000 0.0
ETHER 486 683 778
ETHER1 R-O-R 236 89.8 839
ETHER2 R-O-C=C 14 85.7 857
ETHERS R-O-Ar 194 742 918
ETHER4 C=C-0-C=C 28 64.3 78.6
ETHER5 Ar-O-Ar 12 33.3 100.0
ETHERG6 C=C-O-Ar 12 833 66.7
HALO 906 57.2 68.0
HALO1 C-F 96 521 77.1
HALO2 C-Cl 548 555 65.0
HALO3 C-Br 252 437  66.7
HALO4 C-l 64 375 594
KETONE 632 712 76.9
KETONE1 R-CO-R 154 727 922
KETONE2 R-CO-C=C 136 647 750
KETONE3 R-CO-CX 16 875 375
KETONE4 R-CO-CO-R 12 833 66.7
KETONES 5-membered ring ketone 38 89.5 895
KETONE6 R-CO-Ar 158 620 848
KETONE7 Ar-CO-Ar 42 85.7 952
KETONES8 p-quinone 78 795 795
NITRO 1028 90.7 944
NITRO1 R-NO; 34 94.1 100.0
NITRO2 C=C-NO, 36 44.4 77.8
NITRO3 Ar-NO; 948 87.8 924
NITRO4 >N-NO> 10 40.0 80.0
NITRO5 O-NO; 2 1000 0.0
OH 772 764  85.0
OH1 CH,R-OH 248 831 879
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OH2 CHR,-OH 248 734  90.3
OHS3 CR3-OH 48 792 625
OH4 Ar-OH 322 683 845
PHOS 482 755 805
PHOS1 H-P(=0)(OR), 8 750 500
PHOS2 R-P(=0)(OR), 226 823 850
PHOS3 P(OR)3 4 1000 100.0
PHOS4 others 244 689 811
SULF 926 683 57.2
SULF1 SO3H 86 814 767
SULF2 SO3R 34 765 882
SULF3 S0,-0- 6 333 1000
SULF4 SO; 136 838 941
SULF5 SH 108 667 463
SULF6 -S- 326 589 595
SULF7 SO,- 102 765 88.2
SULF8 -S-S- 44 455 455
SULF9 >C=S 108 556 61.1
SULF10 -S0-0- 6 667 66.7
SULF11 -SO- 4 1000 100.0
Overall 5944 745  80.3

R: alkyl groupO Ar: aromatic group
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Figure 1. Averaged spectra for substances that contain (thin) and that do not contain (dotted) functional groups and
difference spectra (thick).
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Table 4. Uncertainty class (UC), observed frequencies (cm™), means and standard deviations of frequency ratios

UC ObsdFreq Mean Std Dev UC ObsdFreq Mean Std Dev

CH4 va C 1306 1.0476 0.0475 | CHxCl, v4 B 282 0.9981  0.0604
v A 1534 1.0312  0.0367 v B 717 0.9776  0.0649

vi A 2917 1.0425 0.0252 v¢ B 758 0.9646  0.0930

vz A 3019 1.0456  0.0250 v; B 898 1.0150  0.0460

CHsD v C 1155 1.0451  0.0455 vs B 1153 1.0320 0.0523
v C 1300 1.0485 0.0473 vg B 1268 1.0384 0.0521

vs C 1471 1.0346  0.0382 v, C 1467 1.0067  0.0459

vo A 2200 1.0393  0.0259 vi B 2999 1.0486 0.0324

vi E 2945 1.0442  0.0259 v¢ B 3040 1.0626  0.0328

va B 3017 1.0463 0.0260 | CHDCl, v¢ B 283 0.9902  0.0599

CH;D, vq4 C 1033 1.0340 0.0433 vs B 692 0.9815 0.0621
v; C 1090 1.0419 0.0470 vg B 738 0.9665  0.0868

vg C 1234 1.0435 0.0470 vg C 778 1.0147 0.0481

vs C 1333 1.0283  0.0366 vg A 890 1.0215 0.0568

v C 1436 1.0353  0.0397 vz A 1223 1.0342  0.0523

vo C 2202 1.0169 0.0253 v C 1282 1.0286  0.0470

vg C 2234 1.0461 0.0262 v, B 2249 1.0418 0.0319

vi C 2974 1.0439  0.0258 vi B 3024 1.0565 0.0322

ve C 3013 1.0476  0.0260 | CDyCl, v4 C 282 0.9893  0.0605

CHD3; v; C 1003 1.0400 0.0469 vs B 687 0.9807 0.0642
v¢ C 1036 1.0330 0.0429 v; D 712 1.0106  0.0467

vs C 1291 1.0349  0.0400 vg B 727 0.9700 0.0857

v, C 2142 1.0245 0.0255 vs C 826 1.0243  0.0523

va C 2263 1.0327  0.0259 v¢ B 957 1.0321 0.0593

vi C 2993 1.0462 0.0259 v, D 1052 1.0297 0.0478

CDg4 vs B 996 1.0390 0.0468 vi B 2205 1.0344  0.0325
vo2 B 1092 1.0251 0.0366 ve C 2304 1.0457 0.0321

vi B 2109 1.0201 00254 | CHCI; v B 261 0.9957  0.0608

vg A 2259 1.0345 0.0260 v C 363 1.0018 0.0605

CHsCl v A 732 0.9721 0.0701 v, B 680 0.9730  0.0597
ve A 1017 1.0249  0.0459 vs B 774 0.9588  0.0987

va A 1355 1.0385 0.0479 va B 1220 1.0290 0.0563

vs A 1452 1.0344 0.0424 vi B 3034 1.0570  0.0340

vi E 2937 1.0523 0.0299 | CDCl3; v¢ C 262 0.9888  0.0606

va B 3039 1.0521 0.0301 v C 369 0.9805 0.0590

CD3Cl vz A 701 0.9736  0.0662 v2 B 659 0.9753  0.0604
ve A 768 1.0169  0.0458 vs B 749 0.9626  0.0901

va A 1029 1.0295 0.0494 vs B 914 1.0177  0.0644

vs A 1060 1.0269 0.0420 vi C 2266 1.0430 0.0334

vi A 2160 1.0238  0.0292 | CCly v, C 217 1.0030 0.0645

va A 2283 1.0412  0.0298 vs C 314 0.9997  0.0587

vi C 459 0.9753  0.0720

Uncertainty class (UC) taken from ref [46]. vz E 776 0.9717  0.1060
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Table 5. Observed intensities (km/mol), their errors (km/mol), means and standard deviations of intensity ratios

Obsd Int Error Mean  Std Dev Obsd Int Error Mean  Std Dev
CHy4 v4  34.00 2.00 15545 0.6922 | CHyCly, vy 0.60 0.10 0.8921 0.3646
V3 74.00 5.00 1.1845 0.3685 V3 8.00 0.40 1.7307 0.4624
CHsD  vg 15.70 2.00 0.7410 0.3285 Vg 95.00 8.00 1.6580 0.2374
V3 12.20 150 1.4853 0.6584 \% 1.20 0.10 1.5378 0.9025
Vs 4.10 1.00 0.7697 0.3773 Vg 26.60 1.20 1.9008 0.5058
) 7.20 1.00 1.1487 0.4001 ) 0.60 0.10 0.2190 0.3512
%1 7.20 2.00 1.2204 0.3830 % 6.90 050 1.2068 0.5075
v4  53.00 2.00 05452 0.1730 Ve 0.00
CHyDy  v4 5.20 150 1.4577 0.6316 | CHDCl, vg 0.60 0.10 0.9143 0.3763
V7 8.10 2.00 1.4943 0.6740 Vs 5.70 0.40 2.0031 0.5601
Vg 11.10 2.00 1.4773 0.6523 Vg 72.00 3.00 1.8017 0.3914
V3 4.40 150 1.5018 0.6967 V4 2.80 1.00 0.8065 0.2446
Vo 5.60 150 0.8440 0.3020 Vg 29.00 0.70 1.3647 0.3941
Vg 12.20 2.00 1.0631 0.3607 V7 17.00 0.40 2.0500 0.5569
%1 13.80 2.00 1.1684 0.3687 V3 0.60 0.10 15514 0.6371
' 26.00 2.00 1.1002 0.3494 2 2.40 0.10 1.7031 0.7487
CHD3  v3 7.00 050 1.4838 0.6657 V1 3.10 0.10 1.2846 0.6501
Ve 8.10 050 1.8310 0.7745 | CDyCly, vy 0.60 0.10 0.9332 0.3768
Vs 7.10 0.50 1.7175 0.8150 V3 8.00 150 15128 0.3973
2 2.50 1.00 0.8239 0.3025 V7 0.00
vq4 2270 150 1.1348 0.3858 Vg 67.00 3.00 17922 0.4022
V1 18.30 150 1.2269 0.3890 Vg 50.00 200 1.6114 0.3760
CDq4 v4  20.00 1.00 1.5942 0.7056 2 0.20 0.10 3.6932 2.9995
V3 35.00 150 1.0963 0.3736 V1 4.30 0.20 1.5944 0.5997
CH3Cl  vs 22.00 1.00 1.3736 0.4285 Ve 0.00
Ve 4.10 0.50 1.8184 0.8486 | CHCI3 Ve 0.05 0.03 43290 6.1091
2 7.50 050 2.2169 0.8416 V3 0.50 0.10 0.7144 0.5820
Vs 12.00 1.00 1.0708 0.2770 Vo 4.40 0.60 1.3646 0.5768
V1 18.00 1.00 1.4064 0.2831 vs 226.00 110 15551 0.2475
V4 9.70 1.00 15198 0.7351 vs 3140 260 17132 0.4066
CDsCl  vs 15.30 1.00 1.5084 0.4997 %1 0.32 0.10 22949 25719
Ve 1.10 050 1.6358 1.0940 | CDCl; Ve 0.05 0.03 4.2205 5.9592
Vo 10.70 1.00 1.7684 0.6245 V3 0.30 020 1.2813 1.0256
Vs 6.90 1.00 0.9723 0.2640 ) 5.20 0.10 1.0554 0.4471
% 11.30 050 1.5961 0.3439 vs 157.00 7.00 17301 0.4563
V4 5.10 050 15924 0.7755 v4  87.50 170 14365 0.3701
V1 0.06 0.04 6.4807 12.0997
CCly V4 0.20 0.05 6.7870 7.4114
vy 322.00 60.00 1.6749 0.2921

Observed intensities and their errors taken from ref. [43].
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Table 6a. Standard deviations of frequency (SDF) and intensity (SDI) ratios and CPU times (T, sec)

(CPUOO)OOODOOOODDODODOODUOODOOOO
000000000000 Table6a, b0 OOOODODO
gobbobboboooobbboboooooog
ooooooo

RHF B3LYP BLYP
SDF SDI T SDF SDI T SDF SDI T
6-31G 0.0543 4.9585 162.0 0.0620 0.8870 417.5 0.0758 0.8995 398.0
6-31G(d) 0.0215 2.3211 235.8 0.0261 0.9114 694.9 0.0426 1.8811 645.0
6-31G(d,p) 0.0201 2.2419 212.7 0.0246 0.8272 755.8 0.0416 1.7879 732.7
6-31G(3df,3pd) 0.0181 0.9604 24558 | 0.0214 0.4714 52413 | 0.0373 1.3340 4218.6
6-31+G 0.0541 5.2328 182.3 0.0622 1.0530 588.0 0.0763 0.9934 545.3
6-31+G(d) 0.0216  2.0680 275.3 0.0266 0.6031 962.4 0.0432 1.9392 894.4
6-31+G(d,p) 0.0197 1.9505 257.6 0.0251 0.5638 1037.2 | 0.0420 1.9195 985.6
6-31+G(3df,3pd) 0.0185 0.8047 32155 | 0.0218 0.7091 6508.6 | 0.0380 1.7851  5398.4
6-31++G 0.0537 4.9785 198.9 0.0622 0.9183 627.1 0.0767 0.9479 577.9
6-31++G(d) 0.0214 2.0093 280.5 0.0266 0.6094  1008.7 | 0.0432 1.9663 931.2
6-31++G(d,p) 0.0196 1.8694 262.9 0.0251 0.5754 1083.5 | 0.0421 2.0024 1024.4
6-31++G(3df,3pd) | 0.0181 0.8122  3320.9 | 0.0217 0.6969 6762.8 | 0.0381 1.8894  5578.7
6-311G 0.0511 2.9923 226.7 0.0647 1.0823 649.6 0.0797 2.4455 591.9
6-311G(d) 0.0231 2.6583 324.7 0.0278 1.7864  1106.9 | 0.0441 4.4690 987.0
6-311G(d,p) 0.0207 1.8726 318.3 0.0259 15580  1152.7 | 0.0426 4.4133 1023.6
6-311G(3df,3pd) 0.0198 0.9954 39450 | 0.0225 1.3899 7014.0 | 0.0397 25214  5689.2
6-311+G 0.0480 4.2303 269.5 0.0613 0.7404 899.2 0.0772 1.2433 832.8
6-311+G(d) 0.0228 1.5954 411.2 0.0266 0.8633 14953 | 0.0428 2.8614  1319.8
6-311+G(d,p) 0.0204 1.4028 1058.6 | 0.0246 0.8431 15421 | 0.0416 3.0586  1369.6
6-311+G(3df,3pd) | 0.0195 0.7765 53905 | 0.0224 10011 8661.6 | 0.0395 2.4934 6853.3
6-311++G 0.0476 4.3371 275.6 0.0611 0.6981 952.0 0.0760 1.1935 884.0
6-311++G(d) 0.0225 1.5250 418.5 0.0264 0.8512  1553.0 | 0.0423 2.8163 13744
6-311++G(d,p) 0.0203 1.3453 410.5 0.0245 0.8370 1614.2 | 0.0409 2.8303 14394
6-311++G(3df,3pd) | 0.0195 0.7879  8851.9 | 0.0223 1.0253 8925.2 | 0.0389 2.1609  7084.0
D95 0.0556  7.1656 193.6 0.0590 5.5569 485.0 0.0680 6.2332 453.3
D95(d) 0.0216 8.3824 402.1 0.0225 4.2274 804.2 0.0371 4.4182 744.3
D95(3df,3pd) 0.0184 0.9399 30224 | 0.0211 0.4982 5870.1 | 0.0375 1.1316  4803.9
cc-pvDZ 0.0161 1.3587 468.6 0.0251 0.7192  1205.1 | 0.0381 1.8259  1148.9
cc-pvTZ 0.0187 1.0471  3016.8 | 0.0262 0.5896  6480.7 | 0.0423 1.9499  5688.1
cc-pvVQZ 0.0188 0.8817 37667.9 | 0.0244 0.5736 40888.3 | 0.0409 1.8497 34250.1
AUG-cc-pvVDZ 0.0159 0.9569 815.4 0.0266 0.8379  2568.7 | 0.0444 2.0494 24595
AUG-cc-pVTZ 0.0185 0.8538 15834.2 | 0.0270 0.8558 21269.5 | 0.0420 2.1714 17523.1
AUG-cc-pvVQZ 0.0186 0.8231 187538.6 | 0.0243 0.7902 207582.3 | 0.0398 2.0411 141621.1
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Table 6b. Standard deviations of frequency (SDF) and intensity (SDI) ratios and CPU times (T, sec)

BPWO1 MP2
SDF  SDI T SDF  SDI T
6-31G 00618 0.7662 4222 | 0.0631 2.0596  401.6
6-31G(d) 00279 11719 6745 | 00119 12526 6747
6-31G(d,p) 00274 1.0858 7602 | 00124 1.8623 10627
6-31G(3df,3pd) 00241 07282 45311 | 0.0140 0.4840 23526.0
6-31+G 00622 0.8435 5825 | 0.0627 2.0183 6717
6-31+G(d) 00288 1.0948 9421 | 00121 0.9868  1401.1
6-31+G(d,p) 00282 1.0756 10257 | 0.0133 0.9977 17527
6-31+G(3df,3pd) | 0.0245 09432 5554.1 | 0.0146 0.7267 35256.2
6-31++G 00621 07912 6166 | 0.0627 1.8551  693.6
6-31++G(d) 00287 1.0713 9848 | 00128 09131 16757
6-31++G(d,p) 00282 1.0599 1079.2 | 0.0144 09577 18115
6-31++G(3df,3pd) | 0.0244 0.9405 5751.3 | 0.0143 07240 36377.7
6-311G 00640 2.0806  619.0 | 0.0584 1.5001  998.9
6-311G(d) 00288 3.1829 10204 | 00134 1.3524 2143.1
6-311G(d,p) 00282 29490 1090.0 | 0.0162 2.0261  2335.0
6-311G(3df,3pd) | 0.0251 1.4643 57965 | 0.0120 1.4083 390715
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Various computer-aided methods are used to estimate chemical structures from infrared spectra: an induc-
tive method using a spectral database, an empirical method using a knowledge base, and a theoretical method
using computational chemistry. With an aim to increase an ability for estimating structures from infrared
spectra, various computer methods were intensively investigated. At first an inductive method using a spec-
tral database was studied, and several problems were pointed out. Next a linear learning machine and a neural
network were applied to estimating functional groups from infrared spectra as an empirical method, and sev-
eral problems were also mentioned. Third a non-empirical molecular orbital calculation as a theoretical
method was applied to examine the agreement between calculated and experimental vibrational frequencies
and infrared intensities, and several problems were also underlined. It was concluded that there are many
difficulties in estimating chemical structures from infrared spectra with the power of existing computers.

Keywords: Infrared spectra, Structure estimation, Spectral database, Neural network, Non-empirical molec-
ular orbital calculation
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