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K F#H & B F 2% 8 % 1

A Study on Hydrogen Bond, I

Sigeru NAGAHARA
Kisaku SAWAI

Abstact :
Using linear combined atomic orbital self-consistent molecular orbitals method, we calculate
the electronic struciure in the hydrogen bonding X—H—Y.
The interactions of all electrons have beeen explicitly considered and no extrageometrical

empirical data have been used.
A large number of integrals over aiomic orbitals have been evaluated. all the large integrals

were calculated exactly. These results are shown in many tables.

1. Introduction

7J<?«i?ﬁé.z§vc|%§?zgf'uﬁ%mom<m RO EBHLHEN MEINTWEINRED, HEHRNACE
Hi7e B READ IV, £ L TXOAFERADERICOWTORFOWTR BAICHES T
WBELTERVWDTH B, KFEMAHETHMEEL L TROZSABFCEETH 5,
1. B HEICE D & LI N3KERESRERR ion-dipole interaction iz & » T#2 % ®©
A, dipole-dipole interaction Iz X - T2 % D,
2. K#FETFH bond ®F DR BICH % Dhse
3. KEHARHNT B element I 1 E¥bhAdD (FIZEN, O, F&) thrrc s>
LTTHAH5h,
T TRARBF—-ERELLT 7J<?§%é®(§?@%?biﬁ%tt% DLELTHLS 2D B EEIhTRE
(FHF)- SF oW THRICEHEE R L .
z :mi;ﬁivc—ﬁ%‘ﬂ(z)c X—H-—Y ot HEDATFHEERCESVWTHEIEEOE L ZE20h0
% LCAO SCF MO it & » Tit5H % T T TKEREOAREHNABMEL AT B2 3,
TRTOEFHREEINT, X—H—Y 0&MEM O configuratin P4t 134 < IERERNIC R % R

<o

2. Outline of LCAO SCF MO theory Application to the X—H—Y

—fic LCAO SCFMO #:icir T, FFDTRTOEFI2 LCAO MO¢i iz & - TEHI B,

IR
¢i=ZaiPXP (‘) ................. (1)
zzrcir MO oBES % EbL, Xpi1d AO % (z =it Slater-type % & 5, Table 1 »%

B, aip RRIEDHEE LD T,
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For Oxygen
1
0=(18)=(2;3/7) * exp(—Zy1)
1
s=(28)=(22%/37) ? exp(—Z,r)
1
z2=(2P;)=(Z,5/7) * 1 cos9 exp(—Z,r)
1
x=(2Px)=(Z,5/7) ?r sind cos¢ exp(—Z,r)
1
y=(02Py)=(Z,5/7) 2r sing sing exp(—Z,r)
For Hydrogen
1
h=C/7) ? exp(—1)
where Z,=7.70, Z;=2.257
Orthogonal 2s function

so = {(s)—0.2334(0)} /0.9724
Table 1., Atomic orbitals xp

The notation o, s, 2, X, y is adopted for the the oxygen 1s, 2s, 2pz;, 2DPx, 2P, orbitals with o,
¢, Z, ¥, y' for the corresponding orbitals of the second oxygen atom. The hydrogen orbital is
designated by h. V

The 2p, orbitals are directed along the internuclear axis and all positive in the positive z direction-

Symmetry species gy Iy Ty Ty
Symmetry orbitals ay=h
1 i 1
n=rizGre) (=g [a=ppGrd o=t
1 1 ’
ﬂs=1/—17(z—8’) 65=1/—17(z+2’) ﬂ7=1/—§(y+y’) ﬂs=-1/—7(y—y')
Table 1-, Symmety Orbitals ¢,
MO % Eic orthogonal ¢ & % &2 e
J¢i¢jd.r=2aipsmaiq=sﬁ OSSOSO RRORIP RO @)

Z z it Spq 13 overlap integral ¢ & 3,

240 2N BT oEms b R E8iEE © 12 LCAO MO @ antisymmetrized product CAP) %
Lol bha, '

(P10 (paBY T (ppa)vvvrveee (pnBY
=y T | (B100T a8y (g oo (BNBYS | )
(610" ($s BT (o)™ -ovvere (B

zrie (o) T (D all) OBk A EDT,
FLTEDT AN ¥ — 13
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Hy gt 4o field §T¢o u FEHO electron © Hamiltonian operator ¢ 3 %,
&b X LCAO % 5 5 - dic iz B4t ground state energy % B/MNcT 5 X5 ice bhvs, %
DORERRKRD X 5L,
1 5 £ T I P P (5)
T zic vector ai 12 i BHD MO 0 FErEbHT,
X H matrixjzbare-nuclear field orbital energy matrix ¢ % @ element 134 DIBEARD L 5 it
%,

Hpq=Hgp= J XoBlodr

= — J X—,,qud'r “ZX J E—%quT—Zy I Tp?zY—qu'r —_ I X—p—i%quvr ............ (6)
G 13, electronic interaction operator ¢ % ¢ element 3
qu = §qp = }:a_iprfqtait .............................................................................. (7)
Gprgt=2 Tp!_qt —Tprtq oeveerrenrrmsmsesesssessenanneenenn, eeeeeeteneeteeieieeieeeeeaeraaaas (8)
Tprqt’-‘- Ix—plfx—yl‘ r2 xq”Xtyd'l'”y .................................................................. (9)
ny

AL LTHED Lvw LCAO MO #1885 AR 6) 2B cticdb, &Gia 2RETH L
i3, Lohaea G #BLTEERTWAikic self-consistent O F e hETH D, BHH
Mai Z2KELTEN LY GE2RDL 2D, Thhb (6) HEEXNEZBNT &, a #RKDb, Th
BRYE LK ai OB L T—Mic —XLAWwDT, zztEbhkarAWTHUTILE2b L
» (6) ARRNEBNT, &, e %FHET 3, RELEZD DL B ARBRA»DLILDONL ai B—FK
THETHRIET,

3. Evaluation of Integrals

HKOMBELRBL cRILDO AFEAOEY HETIHERD D, TNTHERZ ZOEECITES
DEXHE LKL, T XTOHEFR 12 atomic unit (Energy uint & L T 2.1792x 10-lerg =13.602e.v.)
TEbLINTW5B, ik overlap integral i3 dimension ®/ic\W&T& 5, Table 2_;, Table 2_9,
Table 2_3 cE£RI N3,

e | 3.50 3.50 3.50 4.00 4.00 4.00 4.50
B 1.25 1.50 1.75 1.25 1.50 1.75 1.25

4.50
1.50

4.50
1.75

5.00 | 5.00 | 5.00
1.25 | 1.50 | 1.75

Ssh  10.412365/0.409548/0.400791(0.327922(0.331577/0.3332590.253770(0. 258957/0 . 264194(0 . 192384(0 . 1974490 203167
Soh  0.320742(0.281048(0.237908/0.288471(0. 263635(0. 236434/0. 2448540 229790/0. 213362/0 .. 199275/0.. 190436/0.. 180933
Jsh  [0.318339/0.3686400.429889(0.218430(0.254496/0. 297278(0.150039|0. 174203|0. 204196/0.. 102359(0.. 118383(0.. 137747
Joh  10.204299(0.207762/0.207253/0.160077/0.166376/0.171217|0.120951{0. 1273430 133523 .0891180.0946640.099873
Jhs  0.271761{0.286208/0.302454(0.190132/0.198996/0.209771/0.132008/0. 137255/0. 144011(0. 088165/0.093951/0. 098074
Jhe 0.308301/0.3012070.291841/0.229826/0. 2259300 221580/0 . 167259(0. 1648390. 162592/0.. 119759P .118040{0.117372
Mss [0.41389 |0.45508 [0.50652 0.34989 |0.38107 [0.41763 [0.3810 (0.32303 |0.35127 [0.26347 [0.28220 |0.30325
Mss 0.09485 (0.09545 {0.09277 [0.08080 [0.08397 |0.08407 0.06630 {0.06970 0.07132 {0.0543 {0.0575 |0.058809
Moo [0.4455 |0.48535 [0.53644 [0.38614 |0.41722 [0.45115 [0.3340 [0.35705 [0.3860 [0.2896 (0.31038 {0.33199
M= [0.39804 [0.44187 0.49598 (0.3375 [0.36954 [0.40768 0.2900 0.3116 [0.34072 |0.25527 |0.27391 (0.29480
The |0.524558/0.73897 {1.06015 0.291835'0.39489 0.54144 10.16796 [0.22085 0.295766/0.0988980.1272650.164589
Ths 0.39920010.5720270.828756 .218760l0.3107820.47519 )0.12377 0.171729/0. 2538990.071204/0"096703/0. 132884

Table 2-,



@ 3.50 3.50 3.50 4.00 4.00 4.00 4.50 4.50 4.50 5.00 5.00 5.00

B 1.25 1.50 1.75 1.25 1.50 1.75 1.25 1.50 1.75 1.25 1.50 1.75
Lhhsh [0.21565 [0.2235 [0.2320 [0.15633 [0.16375 [0.17244 (0.11150 (0.11640 [0.12255 [0.07815 [0.08153 [0.08560
Lhhoh 0.21501 [0.20181 [0.1910 [0.17241 |0.16632 [0.15882 [0.13185 [0.12902 |0.12583 [0.09777 |0.09638 10.09571
Lsssh [0.25861 [0.30254 [0.35291 [0.18120 [0.21059 [0.25567 [0.12229 {0.14567 [0.17024 0.08432 |0.10256 {0.11751
Lsosh 0.18243 (0.18592 [0.18651 [0.14418 [0.14994 [0.1563 [0.1098 [0.11562 [0.12174 |6.082216/0.08791 |0.04561
Lssosh [0.03747 [0.03782 [0.03797 0.02952 |0.03040 [0.03130 [0.02201 |0.02337 [0.0246 [0.01425 [0.01639 |0.0180
Lsoch 0.07130 [0.0794 [0.0873 [0.05152 [0.0574 [0.6432 [0.0332 [0.0382 [0.0440 [0.015995/0.0214 [0.0260
Lossh [0.2740 [0.3160 [0.35518 [0.20263 |0.23110 |0.2630 [0.13911 |0.16227 |0.18685 |0.08661 |0.10384 |0.1204
Loosh (0.19810 |0.20130 |0.20205 [0.16071 [0.16391 [0.1670 [0.12120 (0.12719 [0.13352 [0.0900640.09471 |0.09943
Lwsmh|(0.25662 (0.30397 [0.35179 [0.17048 [0.20227 [0.24567 [0.11388 |0.13738 |0.161928/0.08317 |0.102211/0.115970
Lws7h|0.0464 [0.0560 [0.0698 [0.030995/0.037585(0.046925/0.01907 |0.023379(0.028704/0.0095 [0.0130 [0.0165
Lrorh(0.17459 0.17823 0.17872 |0.13592 [0.14296 (0.1470 |0.10410 [0.10984 0.11585 [0.0781 {0.08262 |0.0871
Low7h|0.00791 (0.00820 [0.00827 {0.00570 (0.00620 [0.00645 |0.00345 0.00408 |0.00454 (0.00120 {0.00198 |0.00262

Table 2-,
Hep

aB

11 — 7.441 | — 7.356 | — 7.290 | — 7.202 | — 7.137 |— 7.089 | — 7.064 | — 7.036 | — 7.018 | — 7.016

12 | — 3.7882| — 3.7671 — 3.7136] — 3.6714| — 3.5943|— 3.5749 | — 3.5503| — 3.5158 — 3.4997| — 3.4921

13 — 2.4842| — 2.5063] — 2.5049| —2.50013| — 2.5362|— 2.4874 | — 2.4849| — 2.4703| — 2.4568| — 2.4524

22 | —17.4288| —17.4199) —17.4123| —17.4056| —17.4010|—17.3967 | —17.3938 —17.3915| —17.3827| —17.3907

23 — 0.2557| — 0.2673| — 0.2788 — 0.2879| — 0.2950/— 0.3005 | — 0.3045 — 0.3072| — 0.3071| — 0.3087

33 | —16.7809| —16.7681| —16.7576| —16.7402| —16.7407|—16.51352| —16.7311| —16.7276| —16.7264| —16.7259
44 | —17.6325| —17.2043| —17.1969| —17.1902| —17.1856|—17.1813 | —17.1786| —17.1763| —17.1775| —17.1755
45 | — 0.3811 — 0.3698 — 0.3586( — 0.3497 — 0.3418|— 0.3373 | — 0.3375 — 0.3308| — 0.3309| — 0.3293
55 —17.2711| —17.2585 —17.2482| —17.2390| —17.2317|—17.2264 | —17.2223| —17.2188| —17.2178 —17.2173
66 | —16.4762| —16.4693| —16.4631| —16.4582| —16.4546|—16.4516 | —16.4496| —16.4475| —16.4468 —16.4468
88 —17.4428| —17.4358| —17.4297| —17.4248| —17.4212|—17.4182 | —17.4162| —17.4141| —17.4134| —17.4134
Hap=—Jaapdr—8(0:aB)—8(0":a8)—(H: a:B) Tabel 2-3

4 ﬁ iﬁit E‘f gﬁ

K #ERE AT % bonding energy #3ft keal BETH 20T Fhiciz %%%ﬁﬁ%?ﬁ%ﬂ%%m*rﬁ
LCRSENS S, L TIITREDE AL EEAR AL THERTT DA, @%z{ﬁfz <
12 «, B o interval 33 & B DT table ic R Licic e & D HFHY Uéabf%ﬁ'b LR BEYS
DTRDEDTH B,

WL ™S, R), 1nm(3S, R), Fn, m, o COWTHERLRICER LA,

Table 3, Table 4, Table 5.3, Table 5_;

(m, n)=I.=(0, R):ZL%(%)MJJ J'cosmornenﬁra—rhdr

(0, 0){0.02965 0.03231 [0.03565 [0.01445 [0.01572 (0.01732 [0.00727 (0.00790 |0.00869 |0.00375 |0.00407 |0.00447
(1, 0)/0.01108 |0.01051 (0.009923/0.006114{0.00593 [0.00576 |0.003385|0.003335|0.00330 |0.00189 |0.00188 [0.00187
(0,-1){0.03681 |0.04223 |0.04888 |0.01912 [0.02195 |0.02542 [0.01013 [0.01164 |0.01349 (0.00545 [0.00627 |0.00726
(1,-1)0.010072{0.009927,0.009713,0.005924/0.005980/0.006037|0.003459(0 . 003553(0 . 003735/0.00184 [0.002072(0.002210
(2,-1)(0.01495 |0.01634 [0.01793 [0.00775 [0.00865 |0.00942 [0.00398 0.00468 [0.00520 [0.00185 |0.00245 |0.00291
(0,-2)10.08874 (0.10770 |0.13127 |0.04948 {0.06015 (0.07344 [0.02786 |0.03391 |0.04146 [0.01577 [0.01924 |0.02360
(1,-2)/0.013078/0.0134790.013775/0.008237/0.008706|0.009158/0.005097|0.00539 (0.0056570.00318 |0.00348 [0.00372
(2,-2)10.031168|0.038240| 0.045486'0. 018878/0.021868|0.025614/0.010299,0.012352|0.014848/0.00577210.006996/0 . 008720
(3,-2)(0.00826 {0.00848 [0.00864 i0.00529 0.00549 [0.00568 |0.00326 [0.00347 (0.00393 [0.00184 |{0.00211 [0.00234
Table 3
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3.50
1.25

3.50
1.50

4.00
1.25

3.50
1.75

4.00
1.50

4.50
1.25

4.50
1.50

4.00
1.75

5.00
1.25

4.50
1.75

5.00
1.75

5.00
1.50

0.047549/0.056876
0.055427(0. 066094
0.066539(0.079054
0.0830810.098274
o.
1095110128614

F0.0.0
0.1.0
0.2.0
0.3.0
0.4.0
0.5.0
0.6.0
0.7.0
1.0.0]

0.2366540. 275386
0.4044810. 470414
0.044388)0.054565
1.1.0/0.055279/0. 067657
1.2.0[0.071880)
1.3.01 686881
1.4.0[0.145307]
1.5.0[0.23337

2.0.0[0.06251

2.1.0[0.081538
2.2.0[0.112223
2.3.0[0.155573
3.0.0/0.105130
3.1.000.151672

0.117774
0.174216
0.268774
0.077766
0.102135
0.138326

0.153924/0.180169)

0.087450

0.068515
0.079396|
0.094650
0.117194
0.152656
0.212693
0.323757|0.10496

0.548333/0.163320,
10.067321(0.023999
0.083142/0.029179)
0.106961{0.036717
0.145080(0.048268
0.209534/0.067064;
0.328281{0.099803
0.096916(0.032923
0.125359/0.041615
0.171714/0.054933,

0.030611,
0.035980
0.043632
0.055127
0.073490

0.0266740.031959

0.036576
0.042854
0.051771
0.065117
0.086356
0.123019
0.190716
0.029574
0.035823
0.044878
0.063255
0.079443
0.118562
0.041045
0.048269
0.069100)

0.2002080.2465510.0765770.094667
0.136364/0.363969|0.053884/0.066957
0.180101/0.223621(0.070588/0.081184

0.038557
0.044019
0.051423
0.061909
0.077551/0.028712
0.102136/0.035182
0.143927 4461739
0.224475(0.064080
0.0365730.013146
0.04415000.015682
0.055086(0.019244(0.023593
0.072776/0.0266890. 029869
0.099586/0. 0362490039524
0.130380(0.053415(0. 055267
0.05127300.01764300.022045,

0.015083
0.017094
0.019759
0.0234

0.018098|
0.020461
0.023585
0.027873
0.034025
0.043317|
0.058222,
0.08380

0.016235
0.019301

0.083774/0.025478/0.034464
0.126944(0.031797(0.04581
0.085044/0.026248/0.035545
0.10400 (0.037549/0.04498

0.0633850.0203660.02708]

0.008585
0.009614
0.011240
0.012983
0.015512
0.019222
0.024970
0.034384
0.006953
0.008287
0.010343
0.012650
0.016106

0.021864
0.024667
0.028322
0.033374
0.040550,
0.051363]
0.068173,
0.100407|
0.020272|
0.023912
0.029138
0.036834
0.050378

0.027649/0.009342,
0.033673(0.011472
0.041049(0.014622

0.061049/0.018934

0.075679(0.021419/0.025865|

0.048657|0.017978/0.022446
0.045836(0.014928/0.018869

0.0103140.012475
0.011543/0.013948
0.013131/0.015814
0.01525 *5018318
0.018187[0.021778
0.0224410.026774
0.029212/0.034367
0.039977/0.04660

0.0090020.011170
0.01054000.013045
0.012633{0.015587
0.015591/0.019165
0.019525/0.024424
0.032549
0.015048
0.018080
0.022355
0.028644
0.023982
0.029541

0.01200
0.014456
0.018251

0.023806

Table

F, (a,

51 k, m,

2

|

-1 (AT KT

1 (221X MmN, —al—

BE Qxdp

3.50
1.25

3.50
1.50

3.50
1.75

4.00
1.25

4.00
1.50

4.00
1.75

4.50
1.25

4.50
1.50

4.50
1.75

5.00
1.25

5.00
1.50

5.00
1.75

0.014918]
0.015869
0.016978|
.018288
0 4 0/0.019858
0 5 0/0.021769|
0 6 0]0.024131/0 028563,
0 7 0]0.027069(0 034348
1 0 0/0.01474 0.01811
1 1 0/0.01606 {0.01966
1 2 0/0.01766 |0.02161
1 3 0{0.01964 [0.02380
1 4 0{0.02221 [0.02690
1 5 0{0.02590 [0 03120
2 0 0/0.0200 [0.0244
21 0{0.0220 {0.0266

2 2 0{0.0244 (0.0291

2 3 0{0.0271 |0.0322

3 0 0{0.0323 [0-0407
31 0/0.0368 |0.0465

0.018153
0.019263
0.020555|
0.022070
0.023866
10 026015]

0.008202
0.008671
0.009209

0.022158
0.023472
0.024988|
0.026761(0.009834
0.028859(0.010568
0.031376/0.011443
0.034422.0125007
0 038050.0137916
0.02218 [0.0080
0.02403 |0.00867
0.02623 |0.00942
0.02895 10.01034
0.03254 0.01156
0.0378 |0.01293
0.0303 [0.0103
0.0323" [0.0114
0.0352 (0.0127
0.0384 [0.0141
0.0517 |0.0166
0.0574 |0.0186

0.010027
0.010581
0.011216
0.011947
0.012802
0.013814
0.015024
0.016444
0.0098
0.01064
0.01159
0.01263
0.01399
0.01609
0.0128
0.0140
0.0153
0.0169
0.0203
0.0213

0.004550
0.004786
0.005054/0.006182
0.005369|0.006543
0.005726(0.006959
0.006157(0.007442
0.018074/0.006673|0.008009
0.019589(0.007334/0.008677
0.01219 0.00441 |0.00545
0.01312 [0.00466 [0.00584
0.01422 (0.00503 |0.00628
0.01559 (0.00543 [0.00681
0.01749 (0.00594 |0.00746
0.0198 [0.00666 (0.00830
0.0158 0.0062 [0.0073

0.0169 |0.0067 [0.0078

0.0185 (0.0073 [0.0085

0.0200 [0.0083 [0.0093

0.0245 [0.0088 [0.0116

0.0300 [0.0098 [0.0125

0.005584
0.005865)

0.012290,
0.012947
0.013695]
0.014555]
0.015552
0.016718

0.006868
0.007204
0.007582
0.008044
0.008551
0.009194
0.009990
0.011170
0.00674
0.00737
0.00789
0.00867
0.00940
0.0104
0.0084
0.0090
0.0097
0.0106
0.0148
0.0159

0.002543
0.002663
0.002799,
0.002952
0.003126
0.003327
0.003561
0.003850
0.00245
0.00261
0.00280
0.00301
0.00327
0.00358
0.0033
0.0035
0.0038
0.0042
0.0051
0.0053

0.003131
0.003275

0.003863
0.004035
0.003437|0.004230
0.003619/0.004446
0.003826/0.004699
0.004064/0.004970
0.004398/0.005289
0.004663/0.005654
0.00303 [0.00385
0.00323 (0.00401
0.00345 [0.00438
0.00371 (0.00461
0.00400 (0.00508
0.00436 [0.00546
0.0040 |0.0049
0.0044 (0.0054
0.0047 (0.0057
0.0052 (0.0063
0.0061 (0.0080
0.0069 (0.0090

Table

5-; Fm, n,

0
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