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1 ðÒÅÐÒÉÎÔ1. IntroductionThere are many papers devoted to the investigation of the hydrogen bondsystems including review papers sheding some light on the nature of thehydrogen bond [1-5]. The main subjects are the study of the electronstructure, optimum geometry, investigation of the adiabatic potentialsfor the proton, vibrational spectra, proton transfer. Nevertheless, theproblem of the formation of adiabatic potential for the proton needsa more detailed study. For example the role of the Coulomb compo-nents of the interaction between excessive charges, which appear duringthe displacement of ions and electron redistribution, are not su�cient-ly studied. In the paper [6] the authors propose new model in whicha strong coupling between the protons and distorsion of the structuralunits, connected by the hydrogen bonds (for example, PO4 tetrahedronsin KH2PO4 crystal) is assumed and the interaction between protonsis disregarded. It is supposed there that the distorsion of tetrahedron isproportional to its electric dipole moment.One should try to extend suchmodels, as not only dipole moment on the edge structure units changeswith the proton motions along hydrogen bond, but the charge value ischanged also.The problem of the formation of the locally anharmonic lattice po-tentials using model approach was considered in [7]. In the present paperthis problem is solved on the basis of quantum chemical calculations.We consider ionic complex O�H�O (in further re�ered to A�B�A0). The Hamiltonian of such complex has a following form:H(~r;R) =Xi (� �h22m�i) +Xi<j e2j~ri � ~rj j +Xi;n U (~ri � ~Rn) ++Xn (� �h22Mn�n) +Xm;n0W (~Rm � ~Rn); (1)where ~ri, ~Rm - electron and ion coordinates.The �rst three terms form the electron part of the Hamiltonian; thelast two describe the ionic subsystem;U (~ri � ~Rn) = e2Zelj~ri � ~Rnj (2)W (~Rm � ~Rn) = e2Zionj~Rm � ~Rnj ;
ICMP{97{29E 2here Zel and Zion are the e�ective ion charges (excluding valence elec-trons) used for the description of the interaction between them and otherelectrons or ions respectively.In the present paper we calculate the electron spectrum of the O�H�O cluster. The formation of the adiabatic proton potential as a functionof the hydrogen bond length ROO, ROH distance, electron number incluster N is investigated. The electron density pictures and distributionof electron charge along complex axis is obtained. We investigate also thechange of the electron charge density with proton shift along the bond.2. Initial basis of electon wavefunctions and its or-thogonalization.In our model approach we take into consideration the minimumbasis ofelectron wavefunctions consisting of the three valence atomic orbitals.The 2p-functions of oxygen ions (f a(~r� ~Ra)g, f a0(~r� ~Ra0)g), directedalong the hydrogen bond and 1s-function of the hydrogen atom (f b(~r�~Rb)g) are taken into account.They are the solutions of the corresponding Schrodinger equations"Xi (� �h22m�i) + U (~ri � ~Rs)# s(~ri) = Es s(~ri); (3)(here s = a; b; a0).At �rst the orthogonalization of functions  a and  a0 is performed:~ a = N1( a +  a0) N1 = 1p2(1+Saa0 ) (4)~ a0 = N2( a �  a0) N2 = 1p2(1�Saa0 )Here Saa0 = R  �a(~r) a0 (~r)d~r - overlap integral of initial atomic func-tion.The transformation of vector 45o rotation type is used for sym-metrization of the new basis.'a(~r) = 1p2( ~ a + ~ a0 ) = � (~r � ~Ra) + � (~r � ~Ra0) (5)'a0(~r) = 1p2( ~ a � ~ a0 ) = � (~r � ~Ra) + � (~r � ~Ra0)



3 ðÒÅÐÒÉÎÔHere � = 12p(1 + Saa0 ) + 1p2(1� Saa0) (6)� = 12p(1 + Saa0 ) � 1p2(1� Saa0)Orthogonizing the third function to the �rst and the second onesgives: 'b = � b(~r � ~Rb) + �a'a + �a0'a0 = (7)� (~r � ~Rb) + (�a� + �a0�) (~r � ~Ra) + (�a0� + �a�) (~r � ~Ra0)Here the following notations are introduced:� =s 1� S2aa01� S2aa0 � S2ba � S2ba0 + SbaSba0Saa0 ;�a = �(Sba� + Sba0�)�; (8)�a0 = �(Sba� + Sba0�)�;The functions f 'a,'b,'0a g form a orthogonalized and normalizedbasis of states.3. Electron spectra and electron density distributionfor O �H �O cluster.Electron part of the Hamiltonian (1) in secondary quantization repre-sentation on f'l(~r)g basis has the following form:Hel(R) = �1X� cya�ca� + �3X� cya0�ca0� + �2X� cyb�cb� ++tabX� (cya�cb� + cyb�ca�) + ta0bX� (cya0�cb� + cyb�ca0�) ++taa0 X� (cya�ca0� + cya0�ca�) +U (na"na# + na0"na0#) + U 0(nb"nb#) +
ICMP{97{29E 4+�X� na��(cya�cb� + cyb�ca�) + �1X� nb��(cya�cb� + cyb�ca�) ++�0X� na0��(cya0�cb� + cyb�ca0�) +�01X� nb��(cya0�cb� + cyb�ca0�) ++�aX� (na�� + na0��)(cya�ca0� + cya0�ca�) ++KX��0 na�nb�0 +K0X��0 na0�nb�0 + V X��0 na�na0�0 + (9)+(Q=2)X� (cya�cya��cb��cb� + cyb�cyb��ca��ca�)��QX��0 cyb�cyb�0ca�0ca� ++(Q0=2)X� (cya0�cya0��cb��cb� + cyb�cyb��ca0��ca0�) ��Q0X��0 cyb�cyb�0ca0�0ca0� ++(Qa=2)X� (cya�cya��ca0��ca0� + cya0�cya0��ca��ca�) ��QaX��0 cya0�cya0�0ca�0ca� ++L1X��0 (cya�cya0�0cb�0ca� + cya�cyb�0ca0�0ca�) ++L01X��0 (cya0�cya�0cb�0ca0� + cya0�cyb�0ca�0ca0�) ++L2X��0 (cyb�cya0�0ca�0cb� + cyb�cya�0ca0�0cb�) ++L3X� (cya�cya��cb��ca0� + cya0�cyb��ca��ca�) ++L3X��0 (cya0�cya�0cb�0ca� + cya�cyb�0ca�0ca0�) ++L03X� (cya0�cya0��cb��ca� + cya�cyb��ca0��ca0�) ++L03X��0 (cya�cya0�0cb�0ca0� + cya0�cyb�0ca0�0ca�) +



5 ðÒÅÐÒÉÎÔ+L4X� (cyb�cyb��ca��ca0� + cya0�cya��cb��cb�) ++L4X��0 (cya0�cyb�0ca�0cb� + cyb�cya�0cb�0ca0�):Here the notations are usedtij =< ij � �h22m�+Xm U (~r � ~Rm)jj >== Z '�i (~r)(� �h22m�+Xm U (~r � ~Rm))'j(~r)d~r;< ijj:::jkl >� hijj e2j~r1 � ~r2j jkli =Z '�i (~r1)'�j (~r2) e2j~r1 � ~r2j'k(~r1)'l(~r2)d~r1d~r2U =< aaj:::jaa >; U 0 =< bbj:::jbb >;� =< aaj:::jab >; �1 =< bbj:::jba >;�0 =< a0a0j:::ja0b >; �01 =< bbj:::jba0 >; (10)�a =< aa0j:::jaa >=< a0a0j:::ja0a >;K =< abj:::jab >; K0 =< a0bj:::ja0b >; V =< aa0j:::jaa0 >;Q =< aaj:::jbb >; Q0 =< a0a0j:::jbb >; Qa =< aaj:::ja0a0 >;L1 =< aa0j:::jab >; L01 =< a0aj:::ja0b >; L2 =< ba0j:::jba >;L3 =< aaj:::ja0b >; L03 =< a0a0j:::jab >; L4 =< bbj:::jaa0 >;�1 = taa; �2 = tbb; �3 = ta0a0 ; t = tab; t0 = ta0b:Let us go to the basis of electron states in occupation number repre-sentation jna"na#nb"nb#na0"na0# >, which includes 64 states:
ICMP{97{29E 6jp > jp > jp >j000000 > j1 > j111000 > j23 > j111001> j45 >j100000 > j2 > j110100 > j24 > j110110> j46 >j010000 > j3 > j110010 > j25 > j110101> j47 >j001000 > j4 > j110001 > j26 > j110011> j48 >j000100 > j5 > j101100 > j27 > j101110> j49 >j000010 > j6 > j101010 > j28 > j101101> j50 >j000001 > j7 > j101001 > j29 > j101011> j51 >j110000 > j8 > j100110 > j30 > j100111> j52 >j101000 > j9 > j100101 > j31 > j011110> j53 >j100100 > j10 > j100011 > j32 > j011101> j54 >j100010 > j11 > j011100 > j33 > j011011> j55 >j100001 > j12 > j011010 > j34 > j010111> j56 >j011000 > j13 > j011001 > j35 > j001111> j57 >j010100 > j14 > j010110 > j36 > j111110> j58 >j010010 > j15 > j010101 > j37 > j111101> j59 >j010001 > j16 > j010011 > j38 > j111011> j60 >j001100 > j17 > j001110 > j39 > j110111> j61 >j001010 > j18 > j001101 > j40 > j101111> j62 >j001001 > j19 > j001011 > j41 > j011111> j63 >j000110 > j20 > j000111 > j42 > j111111> j64 >j000101 > j21 > j111100 > j43 >j000011 > j22 > j111010 > j44 >

(11)
Hamiltonian (9) matrix on this basis is easier presentable using Hub-bard operators Xpq acting as Xpq jr >= �qr jp >. The transition to X-representation may be performed using the formulae for electron creationoperators written on this basis:cya;" = X2;1 +X12;7 +X11;6 +X32;22 +X10;5 +X31;21 +X30;20 ++X52;42 +X9;4 +X29;19 +X28;18 +X51;41 +X27;17 +X50;40 ++X49;39 +X62;57 +X8;3 +X26;16 +X25;15 +X48;38 +X24;14 ++X47;37 +X46;36 +X61;56 +X23;13 +X45;35 +X44;34 +X60;55 ++X43;33 +X59;54 +X58;53 +X64;63cya;# = X3;1 +X16;7 +X15;6 +X38;22 +X14;5 +X37;21 +X36;20 ++X56;42 +X13;4 +X35;19 +X34;18 +X55;41 +X33;17 +X54;40 ++X53;39 +X63;57 +X8;2 �X26;12 �X25;11 �X48;32 �X24;10 �



7 ðÒÅÐÒÉÎÔ�X47;31 �X46;30 �X61;52 +X23;9 �X45;29 �X44;28 �X60;51 ��X43;27 �X59;50 �X58;49 �X64;62cyb;" = X4;1 +X19;7 +X18;6 +X41;22 +X17;5 +X40;21 +X39;20 ++X57;42 �X13;3 �X35;16 �X34;15 �X55;38 �X33;14 �X54;37 ��X53;36 �X63;56 �X9;2 �X29;12 �X28;11 �X51;32 �X27;10 ��X50;31 �X49;30 �X62;52 +X23;8 +X45;26 +X44;25 +X60;48 ++X43;24 +X59;47 +X58;46 +X64;61 (12)cyb;# = X5;1 +X21;7 +X20;6 +X42;22 �X17;4 �X40;19 �X39;18 ��X57;41 �X14;3 �X37;16 �X36;15 �X56;38 +X33;13 +X54;35 ++X53;34 +X63;55 �X10;2 �X31;12 �X30;11 �X52;32 +X27;9 ++X50;29 +X49;28 +X62;51 +X24;8 +X47;26 +X46;25 +X61;48 ��X43;23 �X59;45 �X58;44 �X64;60cya0 ;" = X6;1 +X22;7 �X20;5 �X42;21 �X18;4 �X41;19 +X39;17 ++X57;40 �X15;3 �X38;16 +X36;14 +X56;37 +X34;13 +X55;35 ��X53;33 �X63;54 �X11;2 �X32;12 +X30;10 +X52;31 +X28;9 ++X51;29 �X49;27 �X62;50 +X25;8 +X48;26 �X46;24 �X61;47 ��X44;23 �X60;45 +X58;43 +X64;59cya0 ;# = X7;1 �X22;6 �X21;5 +X42;20 �X19;4 +X41;18 +X40;17 ��X57;39 �X16;3 +X38;15 +X37;14 �X56;36 +X35;13 �X55;34 ��X54;33 +X63;53 �X12;2 +X32;11 +X31;10 �X52;30 +X29;9 ��X51;28 �X50;27 +X62;49 +X26;8 �X48;25 �X47;24 +X61;46 ��X45;23 +X60;44 +X59;43 �X64;58As a result, Hamiltonian will possess the following form: Hel(R) =Ppq Hpq(R)Xpq .In present paper cases N = 3,N = 4,N = 5 are analyzed.Matrix Hij(R) on this basis consists of independed blocks each ofthem corresponding to di�erent number of electrons N . Using adoptedconceptions of valency, the most probable number of electrons on suchcluster O �H � O (in its three valent states that compose initial basisand organise hydrogen bond) is four (N=4, see examples in �g. 1).The realization of other values of N also is possible when elec-tron transfer between ions participating in forming of di�erent hydrogenbonds takes place.For N = 4 case the corresponding basis of states includes 15 states.Matrix Hij(R) of (15x15) size consists of three blocks: (3x3) - summary
ICMP{97{29E 8Figure 1. Chemical bonds in HnO2 clustersspin projection Sz = +1; (3x3) - summary spin projection Sz = �1;(9x9) - summary spin projection Sz = 0. The most energetically advan-tageous case Sz = 0 is realised on statesj43 >= j111100> j48 >= j110011> j53 >= j011110>j45 >= j111001> j50 >= j101101> j55 >= j011011> (13)j46 >= j110110> j52 >= j100111> j57 >= j001111>For N = 3 case matrix Hij(R) of (15x15) size consists of four blocks:(1x1) - summary spin projection Sz = �3=2; (1x1) - summary spinprojection Sz = +3=2; (9x9) - summary spin projection Sz = +1=2;(9x9) - summary spin projection Sz = �1=2. Cases with opposite spinare equivalent. Sz = 1=2 case is realised on the statesj23 >= j111000> j29 >= j101100> j34 >= j011010>j25 >= j110010> j30 >= j100110> j39 >= j001110> (14)j27 >= j110110> j32 >= j100011> j41 >= j001011>For N = 5 case matrix Hij(R) of (15x15) size consists of two blocks:(3x3) - summary spin projection Sz = +1=2; (3x3) - summary spinprojection Sz = �1=2. Sz = 1=2 case is realised on the statesj58 >= j111110 >j60 >= j111011 > (15)j62 >= j101111>The components of matrixHij(R) blocks corresponding to the states(13), (14), (15) are given in Appendix 1.



9 ðÒÅÐÒÉÎÔMatrix elements Hij(R) are formed by the matrix elements (10) onthe orthogonalized basis of functions 'l(~r), which in turn are liniar com-binations of corresponding matrix elements built on the initial basis ofatomic functions  m(~r). Analytical expressions obtained for some ofthem are given in Appendix 2. General scheme of calculations is de-scribed and formulae for evaluation of exchange integrals are also pre-sented there. For the rest of the matrix elements numerical evaluationwas performed (including evaluation of 3-center integrals) on the basisof atomic functions  m(~r).For the numerical calculations the methods of Monte-Carlo type formulti-dimensional integrals are used. Error of evaluation was no morethen 4%.Matrix of the Hamiltonian, obtained as a result of orthogonalization,was diagonalized, its eigenvalues �i and eigenvectors were found.Eigenvalues of Hamiltonian of electron subsystem (where ion-electronand electron-electron interactions were considered) were added by theenegry of ion-ion interaction (excluding oxygen-oxygen interaction), theresult spectrum for the given values of distance ROO is presented as adependence on the ROH distance (see �g. 2).
Figure 2. Dependence of the energy spectrum of system (eV) on ROHdistance (A) at the following values of parameters: N = 4, ROO = 2:44,Zel = 1:5, Zion = 2:5.The lowest level from this spectrum is presented on �g. 3. It is shown,that at bond length smaller then some critical value, we have a potentialwith one central minimum,which at the increasing of the complex length
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Figure 3. Lowest level of energy spectrum of system (proton adiabaticpotential) as a function ofROH distance at N = 4 (Zel = 1:5,Zion = 2:5)at di�erent values of bond lenght: a) ROO = 2:38A c) ROO = 2:44Ab) ROO = 2:42A d) ROO = 2:46Atransforms into double-well potential. This fact show us the existance oftwo equlibrium states of system, di�erent in the shift of the central ionin opposite directions along complex axis. At some values of e�ectivecharges Zel and Zion we can obtain parameters of proton potential onhydrogen bond known from experiments. OptimumZ values are di�erentfor di�erent number of electrons on cluster O �H � O0. The results ofcalculations are especially sensitive to the di�erence �Z = Zion � Zel.Optimum values for model parameters are 2:0 � � � 2:1; �Z = 1:0(N = 4); �Z = 0:3 (N = 3); �Z = 2:0 (N = 5), howewer Zel > 1.For the given values of e�ective parameters critical value of hydrogenbond length is RcrOO = 2:38A which is in accordance with known fromliterature data (see [5]). As one can see from �g. 3-5 values of e�ectiveparameters optimal for the case N = 4 are insu�cient for the casesN = 3 and N = 5 as RcrOO value does not correspond to the known dataand are 2.68A and 2.14A correspondingly. At increasing of the hydrogenbond length the height of the potential barrier increases also as well as� value - distance between positions of minima of the proton potentialon bond.



11 ðÒÅÐÒÉÎÔ

Figure 4. Lowest level of energy spectrum of system (proton adiabaticpotential) as a function ofROH distance at N = 3 (Zel = 1:5,Zion = 2:5)at di�erent values of bond lenght: a) ROO = 2:65A c) ROO = 2:85Ab) ROO = 2:75A d) ROO = 2:9AUsing eigenvectors of Hamiltonian, corresponding, in particular, tothe lowest eigenvalue �min, the distribution of the electron density wasobtained. The states of basis of diagonalized Hamiltonian are linearlyexpressed by the states of previos basisj~i >=Xj �ijjj > (16)then electron density of states should be~�i(~r) =Xj �2ij�j(~r) (17)The density of the initial state �j(~r), built on the basis of atomicwavefunctions f'1(~r), '2(~r), '3(~r)g can be expressed as�j(~r) = 3Xi ni(j)j'i(~r)j2 (18)here ni(j) - number of electrons at ion i in state j. For the N = 4 case
ICMP{97{29E 12density distribution is presented at �g. 6a and 6b (for the proton locatedin one of the pots and in the middle of the bond correspondingly).

Figure 5. Lowest level of energy spectrum of system (proton adiabaticpotential) as a function ofROH distance at N = 5 (Zel = 1:5,Zion = 2:5)at di�erent values of bond lenght: a) ROO = 2:17A c) ROO = 2:22Ab) ROO = 2:19A d) ROO = 2:23AHowewer, more informational is the distribution of electron densityalong the complex axis as the result of integration of the space distri-bution over the planes, perpendicular to the complex axis. (see �g. 7aand 7b). The di�erence between curves showes us redistribution of theelectron density with proton shifts from the central position.On the basis of the electron density distribution in space the atom-ic orbitals occupations were calculated using the method of mini-mal squares. If f(x) - obtained earlier electron distribution; F (x) =Pi ni 2i (x) - some helper function (coe�cients ni are occupations), thenni are found from the condition of minimum of the �2 = R (f(x) �F (x)) 2i (x). Solving the equation @�2@ni = 0 we obtain orbital occupations(see �g. 8) as dependences on the ROH distance.A lot of papers were devoted to the calculation of electron spectrumand adiabatic potential of the proton on bond (see [1-5]) for di�erentstructures with hydrogen bonds. Our goal was to concentrate more onthe investigation of the electron density change caused by the ion shifts,
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Figure 6. Electron density distribution in the plane parallel to complexaxis at di�erent positions of proton: a) in the left pot of the e�ectivepotential; b) in the middle of the bond. N = 4, Zel = 1:5, Zion = 2:5,R = 2:44Ain particular, hydrogen motion on bond. Similar calculations for the clus-ter with few hydrogen bonds allow us to investigate correlations betweenelectron density change and proton-proton short-range interactions. De-scribing system with hydrogen bonds using di�erent models one shouldtake into account short-range proton-proton interactions. Until now suchshort-range correlations were postulated and their nature was not stud-ied. The role of electron subsystem there is evidently especial as it candetermine the actual proton-proton interaction. Thats why the study ofelectron density change with proton shifts is important. We obtainedthat proton shifts on bond is accompanied by increasing of the summaryelectron density at the regions where the proton is moved to (see �g. 6-7);howewer, the occupancy of the 2p-orbitals of the corresponding oxygenion is decreased. Occupancy of 1s-orbitals of hydrogen ion changes weak-ly and possesses maximum at the location of proton in the middle of thebond (see �g.8).More detailed study of the electron density change in system withhydrogen bonds connected with ion shifts will give an oppotunity toformulate more real models for description of such objects.
ICMP{97{29E 14

Figure 7. Linear electron density distribution along complex axis at dif-ferent positions of proton: a) in the left pot of the e�ective potential;b) in the middle of the bond; c) change of electron density with protonshifts from the central position (over value of ROH distance). N = 4,Zel = 1:5, Zion = 2:5, R = 2:44A
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17 ðÒÅÐÒÉÎÔH(25; 39) = QH(25; 41) = �L3H(27; 23) = �� � �1 � tH(27; 25) = �L4H(27; 27) = �1 + 2�2 + 2K �Q+ U 0H(27; 29) = L1 +�01 + t0H(27; 30) = �L1 + L3 � �01 � t0H(27; 32) = Q0H(27; 34) = �L3H(27; 39) = 2L2 � L4 + taa0H(27; 41) = �L03H(29; 23) = �L2 ��a � taa0H(29; 25) = �L03H(29; 27) = L1 +�01 + t0H(29; 29) = �1 + �2 + �3 +K +K 0 � Q+ VH(29; 30) = �Q0H(29; 32) = L1 � L3 + �0 + t0H(29; 34) = �QaH(29; 39) = L03H(29; 41) = �L2 + L4 � �a � taa0H(30; 23) = L4H(30; 25) = L01 +�+ tH(30; 27) = �L1 + L3 � �01 � t0H(30; 29) = �Q0H(30; 30) = �1 + �2 + �3 +K +K 0 � Qa + VH(30; 32) = �L1 ��0 � t0H(30; 34) = �QH(30; 39) = L01 � L03 + �1 + tH(30; 41) = �L4H(32; 23) = �L03H(32; 25) = �2�a � taa0H(32; 27) = Q0H(32; 29) = L1 � L3 + �0 + t0
ICMP{97{29E 18H(32; 30) = �L1 ��0 � t0H(32; 32) = �1 + 2�3 � Qa + U + 2VH(32; 34) = L3H(32; 39) = �L4H(32; 41) = 2L01 � L03 + tH(34; 23) = L2 � L4 + �a + taa0H(34; 25) = �L01 + L03 � �� tH(34; 27) = �L3H(34; 29) = �QaH(34; 30) = �QH(34; 32) = L3H(34; 34) = �1 + �2 + �3 +K +K 0 � Q0 + VH(34; 39) = �L01 ��1 � tH(34; 41) = L2 +�a + taa0H(39; 23) = �L3H(39; 25) = QH(39; 27) = 2L2 � L4 + taa0H(39; 29) = L03H(39; 30) = L01 � L03 + �1 + tH(39; 32) = �L4H(39; 34) = �L01 ��1 � tH(39; 39) = 2�2 + �3 + 2K0 �Q0 + U 0H(39; 41) = ��0 ��01 � t0H(41; 23) = QaH(41; 25) = �L3H(41; 27) = �L03H(41; 29) = �L2 + L4 � �a � taa0H(41; 30) = �L4H(41; 32) = 2L01 � L03 + tH(41; 34) = L2 +�a + taa0H(41; 39) = ��0 ��01 � t0H(41; 41) = �2 + 2�3 + 2K0 �Q0 + U



19 ðÒÅÐÒÉÎÔCase N=4:H(43; 43) = 2�1 + 2�2 + 4K � 2Q+ U + U 0H(43; 45) = 2L1 � L3 + �01 + t0H(43; 46) = �2L1 + L3 ��01 � t0H(43; 48) = Q0H(43; 50) = 2L2 � L4 + �a + taa0H(43; 52) = �L03H(43; 53) = �2L2 + L4 ��a � taa0H(43; 55) = L03H(43; 57) = QaH(45; 43) = 2L1 � L3 + �01 + t0H(45; 45) = 2�1 + �2 + �3 + 2K +K 0 � Q�Qa + U + 2VH(45; 46) = �Q0H(45; 48) = 2L1 � L3 + �0 + t0H(45; 50) = �L01 + L03 �� ��1 � tH(45; 52) = L4H(45; 53) = �L03H(45; 55) = L2 � L4 + 2�a + taa0H(45; 57) = �L3H(46; 43) = �2L1 + L3 ��01 � t0H(46; 45) = �Q0H(46; 46) = 2�1 + �2 + �3 + 2K +K 0 � Q�Qa + U + 2VH(46; 48) = �2L1 + L3 ��0 � t0H(46; 50) = �L03H(46; 52) = L2 � L4 + 2�a + taa0H(46; 53) = �L01 + L03 �� ��1 � tH(46; 55) = L4H(46; 57) = L3H(48; 43) = Q0H(48; 45) = 2L1 � L3 + �0 + t0H(48; 46) = �2L1 + L3 ��0 � t0H(48; 48) = 2�1 + 2�3 � 2Qa + 2U + 4VH(48; 50) = �L4
ICMP{97{29E 20H(48; 52) = 2L01 � L03 + �+ tH(48; 53) = L4H(48; 55) = �2L01 + L03 ��� tH(48; 57) = QH(50; 43) = 2L2 � L4 + �a + taa0H(50; 45) = �L01 + L03 �� ��1 � tH(50; 46) = �L03H(50; 48) = �L4H(50; 50) = �1 + 2�2 + �3 + 2K + 2K 0 �Q� Q0 + U 0 + VH(50; 52) = �L1 + L3 ��0 � �01 � t0H(50; 53) = �QaH(50; 55) = �L3H(50; 57) = 2L2 � L4 + �a + taa0H(52; 43) = �L03H(52; 45) = L4H(52; 46) = L2 � L4 + 2�a + taa0H(52; 48) = 2L01 � L03 + �+ tH(52; 50) = �L1 + L3 ��0 � �01 � t0H(52; 52) = �1 + �2 + 2�3 +K + 2K 0 � Qa �Q0 + U + 2VH(52; 53) = �L3H(52; 55) = �QH(52; 57) = 2L01 � L03 + �1 + tH(53; 43) = �2L2 + L4 ��a � taa0H(53; 45) = �L03H(53; 46) = �L01 + L03 �� ��1 � tH(53; 48) = L4H(53; 50) = �QaH(53; 52) = �L3H(53; 53) = �1 + 2�2 + �3 + 2K + 2K 0 �Q� Q0 + U 0 + VH(53; 55) = �L1 + L3 ��0 � �01 � t0H(53; 57) = �2L2 + L4 ��a � taa0H(55; 43) = L03H(55; 45) = L2 � L4 + 2�a + taa0



21 ðÒÅÐÒÉÎÔH(55; 46) = L4H(55; 48) = �2L01 + L03 ��� tH(55; 50) = �L3H(55; 52) = �QH(55; 53) = �L1 + L3 ��0 � �01 � t0H(55; 55) = �1 + �2 + 2�3 +K + 2K 0 � Qa �Q0 + U + 2VH(55; 57) = �2L01 + L03 ��1 � tH(57; 43) = QaH(57; 45) = �L3H(57; 46) = L3H(57; 48) = QH(57; 50) = 2L2 � L4 + �a + taa0H(57; 52) = 2L01 � L03 + �1 + tH(57; 53) = �2L2 + L4 ��a � taa0H(57; 55) = �2L01 + L03 ��1 � tH(57; 57) = 2�2 + 2�3 + 4K0 � 2Q0 + U + U 0Case N=5: H(58; 58) = 2�1 + 2�2 + �3 + 4K + 2K 0 ��2Q� Qa �Q0 + U + U 0 + 2VH(58; 60) = �2L1 + L3 � �0 ��01 � t0H(58; 62) = �2L2 + L4 � 2�a � taa0H(60; 58) = �2L1 + L3 � �0 ��01 � t0H(60; 60) = 2�1 + �2 + 2�3 + 2K + 2K 0 ��Q� 2Qa �Q0 + 2U + 4VH(60; 62) = �2L01 + L03 � ���1 � tH(62; 58) = �2L2 + L4 � 2�a � taa0H(62; 60) = �2L01 + L03 � ���1 � tH(62; 62) = �1 + 2�2 + 2�3 + 2K + 4K 0 ��Q� Qa � 2Q0 + U + U 0 + 2V
ICMP{97{29E 22Appendix 2. Some integrals used in the electron spec-tra of O �H �O0 cluster calculations.1. We have obtained analytical expressions for some integrals used forthe calculations of the O �H � O0 cluster electron spectra. The atomicorbitals were chosen in the form of Slater functions: = Rnl(r) � Ylm(�; ') (19)Radial part of the function has the following form:Rnl(~r) = An;l(�)rn��1e�� ra0 (20)where the normalized factor An;l(�) is equal:[An;l(�)]2 = 1Z0 drr�2n�e�2� ra0 ; � = z�n� (21)n� { e�ective quantum number (for 1s; 2p { functions n� = n), z� {e�ective nuclear charge, a0 { the �rst Bohr orbital radius. Generally thevalues � (or z�) are the variational parameters but one can use the valuesfor them obtained for this atom in another compounds (see Appendix3). We have calculated the two centre integrals using spheroidal coordi-nates [8,9] � = ra + rbR ;� = ra � rbR ;' = 'a = 'b (22)Element of volume in this coordinates is:dV = R38 (�2 � �2)d�d�d'there are the boundris of integration:1 � � � 1;�1 � � � 1; 0 � ' � 2�Here ra ¦ rb means the electron distance from two center a and b, Ris the distance between centers.We present the analytical expressions obtained for some molecularintegrals, which are not mentioned in literature, for example in [8,9]:Z  A(~r) e2rA B(~r)d~r = 14 � e2a0�H�20r13�H�0�Ra0�3 ��1pe�p � 4
 �1p �1 + 1p� sinh 
 + 1
 �cosh 
 � 1
 sinh 
�� (23)



23 ðÒÅÐÒÉÎÔZ  A(~r) e2rB B(~r)d~r = 14 � e2a0�H�20r13�H�0�Ra0�3 ���e
 + �1p � 1
� sinh 
� (24)Here  A(~r) { 2p { oxygen orbital, directed along the line connected thecentres (2P�),  B(~r) { 1s hydrogen orbital.Here: p = �b + �A2 � Ra0 ; 
 = �b � �A2 � Ra0 (25)The following expression is obtained for the Coulomb integralZ  2A(r1) e2j~r1 � ~r2j �  2B(~r2)d~r1d~r2 == 12 � e2R �2 + 6g2 � �2g3 + 6g2 + 11g + 14+ 12g + 6g2� e�2g� ��18(g)5 � 1u � e2R � 2s e�u���3 + 5u + 6u2 + 6u3� ���sinh s � 2s cosh s + 2 sinh ss2 ����3 + 4u + 4u2��� cosh s + 1s sinh s�+�1 + 1u� sinh s� (26)� �1 + 2u + 4u2��� cosh s + 3s sinh s� 6s2 cosh s + 6s3 sinh s�� ++12 � � ���1 + 2u + 2u2� sinh s��2�1 + 3u + 6u2 + 6u3��� cosh s+ 1s sinh s�++�4u + 12u2 + 24u3 + 24u4� ��sinh s � 2s cosh s + 2s2 sinh s� ++2�1 + 1u��� cosh s+ 3s sinh s � 6s2 cosh s + 6s3 sinh s����1 + 2u + 2u2� ���sinh s � 4s cosh s + 12s2 sinh s � 24s3 cosh s + 24s4 sinh s��� :u = 2p; s = 2
; g = �O Ra0 ; � = �H Ra0
ICMP{97{29E 24We have obtained the energy of the Coulomb repulsion between twoelectrons in 1s-state of the hydrogen atom:Z  2B(~r1) e2r12 2B(~r2)d~r1d~r2 = 58 � e2a0�H ; (27)which concide with the known in the literature expression for the Heliumatom [8]. In the case of the Coulomb repulsion between two electrons in2p-state of the oxygen atom we have:Z  2A(~r1) e2r12 2A(~r2)d~r1d~r2 = 5011280 � e2a0�0; (28)Here j~r1 � ~r2j = r12.Below we present the formula, obtained for one of the hybrid inte-grals: Z  2B(~r1) e2r12 A(~r2) B(~r2)d~r1d~r2 == 14 e2a0 (�H )3=2 (�0)5=2�Ra0�3 ��4
 � 1pe�p��1 + 1p� ��sinh 
 � 1
 cosh 
 + 1
2 sinh 
���1 + 1p1 + 1p21��� cosh 
1 + 1
1 sinh
1��� (29)� 4
1 � 1p1 e�p1 ��1 + 1p1��sinh 
1 � cosh 
1
1 + sinh 
1
21 ���1 + 1p1 + 1p21��� cosh 
1 + sinh
1
1 ����H2 Ra0 4
1 1p1 e�p1 �� 1p1 + 1
1� e
1 + � 1p21 + 1
21 � sinh 
1��3� 1p21 + 1p31��� cosh 
1 + 1
1 sinh 
1�++3�1 + 1p1��� 1
21 cosh 
1 + 1
31 sinh 
1��� ;where p1 = 3�H + �02 � Ra0 ; 
1 = 3�H � �02 � Ra0



25 ðÒÅÐÒÉÎÔ2. One can obtain the analytical expression for the exchange integral~Q = Z  �A(~r1) �B(~r2) � e2j~r1 � ~r2j B(~r1) A(~r2)d~r1d~r2 (30)only in the case of hydrogen molecula, or in the case where  A(~r1) and B(~r2) are the same nS functions, which are centered at A ¦ B points. Inthe other cases one can obtain the analytical expression for the exchangeintegral only in the form of the in�nite series. The authors propose thegeneral scheme of the calculation and formula in the form of in�nityseries, obtained for the exchange integrals in the case, when electronfunctions  (~r) are S-type functions n1S and P -type functions directedalong the line connecting atoms (n2P�); n1; n2 - the principal quantumnumbers.We have used the expansion into a series in the spheroidal coordinatesof the 1j~r1�~r2j function [9]:1j~r1 � ~r2j = 2R 1Xk=0 kXm=�k(�1)m(2k + 1) �(k � jmj)!(k + jmj)!�2 P jmjk [�(a)] ��Qjmjk [�(b)]P jmjk (�1)P jmjk (�2)eim('1�'2) (31)Here �1; �1; '1 ¦ �2; �2; '2 { spheroidal coordinates of the two electrons,�(a) { is the minimum and �(b) { is the maximum from �1 and �2, Qjmjk{ Legendre functions of the second type.Qjmjk (x) = (1� x2) jmj2 djmjdxmQk(x)Qk(x) = 12Pk(x) ln x+ 1x� 1 � 1 � 3::::(2k� 1)k! � (32)��xk�1 + xk�3 �13 � k(k � 1)2(2k � 1)� ++xk�5 � �15 � 13 k(k � 1)2(2k � 1) + k(k � 1)(k � 2)(k � 3)2 � 4(2k � 1)(2k � 3) � + :::�A series continues to the last positive power of xQuantum numbers m1 and m2 are equal zero for n1S and n2P� {functions therefore only components m = 0 from the sum over m in (31)give contribution to ~Q (30), which will be:2R 1Xk=0(2k + 1)Pk[�(a)]Qk[�(b)]Pk(�1)Pk(�2)
ICMP{97{29E 26Then we go to the spheroidal coordinats in integrand for ~Q (30). Letus consider the part of the integrand (without 1r12 ) depending on onevariable  A(~r1) B(~r1)d~r1. After transition to spheroidal coordinates weobtain:  A(~r1) B(~r1)d~r1 = �M1(�1; �1; ) (33)where M1(�1; �1) is a polinomial in spheroidal coordinates.Coe�cient � does not involve the variable of integration and isequal to the product of normalized factors of functions  A and  B;also it includes multiplyer 2�(R2 )n1+n2+1. The coe�cient � is equal� = 2(�Ha0 )3=2(�0a0 )5=2(R2 )4 in the case when  A = 2��(0),  B = 1S(H).Let us consider the underintegral expression in �1; �1 variables for k-termof series. The expression (33) is multiplied by the Legendre polinomialPk(�1): �M1(�1; �1) � Pk(�1) = �Mk2 (�1; �1) (34)Now, the variable �1 is involved in the Mk2 polynomial. The integrationof the Mk2 (�1; �1) polinom over the �1 variable is not complicated:1Z�1 �n1 e�
�1d�1 = F (n; 
; 1)� F (n; 
;�1) (35)where F (n; �; r)� Z rne��rdr = � n!�n+1 e��r nXs=0 (�r)ss! (36)Denote � 1Z�1 Mk2 (�1; �1)d�1 = �Mk3 (�1) (37)Obtained polinomial in the variable �1 (37) is multiplied further by theLegendre function of �1 variable, from (31) series. Denote�Mk3 (�1) �Pk(�1) = �Xi Aki �mii (38)In the integrand for ~Q the following components also are presented:�Mk3 (�1) � fk(�1) = �Xj Ckj �mji (39)We write (see 32) Qk(x) = 12Pk(x) ln x+ 1x� 1 � fk(x) (40)



27 ðÒÅÐÒÉÎÔWe have obtained the general formula for the exchange integral (30)~Q = e2R�2 1Xk=0(2k + 1)Xi Xj �AkiAkj �fF (mi; p; 1) � F (mj; p; 1) [c + ln p] �� [F (mi; p;�1)F (mj; p; 1) + F (mi; p; 1)F (mj; p;�1)]��Ei(�2p) + F (mi; p;�1)F (mj; p;�1) �Ei(�4p) ++F (mi; p; 1) � mj !pmj+1 e�p mjXs=1 pss! s�1Xk0=0Ck0s (s � k0 � 1)!ps�k0 ��0@1� 12s�k0 � (�1)k0 s�k0�1Xl=0 (2p)ll! 1A � F (mi; p;�1) � (41)� mj !pmj+1 ep mjXs=1 pss! s�1Xk0=0(�1)k0Ck0s � F (s� k0 � 1; 2p; 2)++ mi!pmi+1 miXs=1 pss! s�1Xk0=0Ck0s (s � k0 � 1)!ps�k0 �� s�k0�1Xl=0 pll! lXl1=0Cl1l F (mj + l � l1; 2p; 1) � [(�1)l1 � (�1)k0 ]9=;++2AkiCkj (� mi!pmi+1 miXs=0 pss! F (nj + s; 2p; 1)��F (mi; p; 1) � F (nj; p; 1) + nj !pnj+1 njXl=0 pll! F (mi + l; 2p; 1) (42)Ei(x) is the exponential integralEi(�x) = � 1Zx e�tt dt; where x > 0:c is the Eyler constantc = 1Z0 1� e�tt dt� 1Z1 e�tt dt = 0:577216Cks = s!k!(s� k)! � coe�cient from the Newton binomial
ICMP{97{29E 28Let us consider the example of the described scheme realization inthe calculation of the exchange integrals for the hydrogen molecula. Wehave M1 = �21 � �21; � = 14(� Ra0 )3; � = 1 (43)The integration over the variable �1 is produces only two nonzeroterms of a series (31) k = 0 and k = 2. We have for k = 0:M (0)2 (�1; �1) = M1(�1; �1) (44)In accordance with (37)M (0)3 (�1) = 2�21�2=3 and A(0)1 = 2, m1 = 2;A(0)2 = �2=3, m2 = 0.We have for k = 2:M (2)2 (�1; �1) = P2(�1)(�21 � �21) (45)M (2)3 (�1) = �4=5Xi A(2)i �mii = �45P2(�1) = � 215(2�21 � 1);therefore A(2)1 = �2=5, m1 = 2; A(2)2 = 2=15, m2 = 0.Also Pj C(2)j �nj1 = M (2)3 (�1)f2(�1) = �(2=5)�1 and C(2)1 = �2=5,n1 = 1.One can obtain the known formula for the exchange integral of thehydrogen molecule [9] using the expression (41) and using the obtainedabove nonzero coe�cients Ai, Cj.Appendix 3. E�ective parameters of the Slater typeatomic orbitals.It was obtained on the basis of the great amount of results of the electronstructure calculations of the molecules and clusters, that the behaviourof the certain atom in the some class of compounds is the similar, andthe calculations of the spectra of these compounds or moleculas in themgive us the similar values of the e�ective parameters (which were takenas a variational parameters). There are determined the rules of the cal-culations of the e�ective parameters of the Slater type atomic orbitalson the basis of this results [10,11,12].We used the modi�ed Slater-Engusrules int the calculations of the e�ective parameters Z� and n� [12]. In



29 ðÒÅÐÒÉÎÔaccordance to them we have for n � 3, n� = n and for the hydrogen andoxygen atom: (H)1s : Z� = 1, n� = 1, �(1SH ) = 1:0 (O)2p : Z� = 4:55, n� = 2, �(2PO) = 2:275One can take into account the ionic state of the oxygen atomin thecompounds, for example for O�1 and O�1:5 we have (O�1)2p : Z� = 4:2, n� = 2, �(2PO�1) = 2:1 (O�1:5)2p : Z� = 4:025, n� = 2, �(2PO�1:5) = 2:012
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