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Calculation of electronic coupling matrix elements for ground and excited
state electron transfer reactions: Comparison of the generalized
Mulliken—Hush and block diagonalization methods

Robert J. Cave
Department of Chemistry, Harvey Mudd College, Claremont, California 91711

Marshall D. Newton
Department of Chemistry, Brookhaven National Laboratory, Upton, New York 11973

(Received 28 October 1996; accepted 25 February )1997

Two independent methods are presented for the nonperturbative calculation of the electronic
coupling matrix elementH,,) for electron transfer reactions usimdp initio electronic structure
theory. The first is based on the generalized Mulliken—HY&MH) model, a multistate
generalization of the Mulliken Hush formalism for the electronic coupling. The second is based on
the block diagonalizationBD) approach of Cederbaum, Domcke, and co-workers. Detailed
quantitative comparisons of the two methods are carried out based on resu#several states

of the system ZsOH, and(b) the low-lying states of the benzene—Cl atom complex and its contact
ion pair. Generally good agreement between the two methods is obtained over a range of
geometries. Either method can be applied at an arbitrary nuclear geometry and, as a result, may be
used to test the validity of the Condon approximation. Examples of nonmonotonic behavior of the
electronic coupling as a function of nuclear coordinates are observed §@+%n Both methods

also yield a natural definition of the effective distaneg ) between donor[) and acceptor

(A) sites, in contrast to earlier approaches which required independent estimaggs gienerally

based on molecular structure data. 1®97 American Institute of Physics.

[S0021-96087)00621-1

I. INTRODUCTION studie§~1° have evaluated and analyzei}, on the basis of
various perturbative and nonperturbative approaches, often
The electronic coupling between localized don@)( cast in terms of partitioning theatpr Green functions® and
and acceptorA) sites can be an important factor in control- involving either direct(i.e., in terms of localized states or
ling the rates of electron transfeetf) reactions: This is  orbital§ or indirect(i.e., splittings of delocalized state ener-
especially true in biological systems, where electrons transfegies treatments. All of these studies have assumed the va-
over large distances<5 A), generally assisted by the inter- lidity of the two-state approximation, in which the space of
vening mediunt. In addition, the electronic coupling be- the two states of interest.e., either the diabatic stateg,
tween different pairs of states of a given donor—acceptor paisind ,, or their adiabatic counterpaytss well separated
often plays a role in determining the relative rates of transenergetically from the other states of the system.
fers among the various statédt is thus of critical impor- Approaches based on semiempirical quantum chemical
tance to be able to estimate the electronic coupling matrixnethods are attractive because of the ease of application to
elements in order to understand the behavior of long distandarge molecular systems, and the values obtaine#ifgrare
electron transfer reactions. We denote such a coupling elén reasonable agreement with results froab initio
ment asH,;,, wherea andb refer generically to the initial calculation&® or from experimerit*® in cases where com-
and final diabatic state§.e., the charge-localized valence parison has been made. Difficulties may however arise in
bond structures which characterize the reactant and produgpplication of such methods when nondynamical electron
states in the process of interestn contrast, adiabatic states correlation effect¥ are important, especially in reactions in-
(i.e., eigenfunctions of the electronic Hamiltonjaare de- volving excited states, or when parameters in the model are
noted below by numerical labe(§,2,..). unavailable or insufficiently tested. In such cases it is impor-
A number of methods based on quantum chemical caltant to be able to applgb initio methods. Extensive appli-
culations have been proposed and applied to obtain estimateation ofab initio methods has been made to study electron
of Hap. The determination oH,;, is a two-stage process transfer in hydrocarbon systefis'® and systems involving
involving first the specification of the states and, then themetal atoms or ion&® Most studies have used Hartree—Fock
actual calculation of the coupling element. In many cases théHF) wave functions and thus have been limited to reactions
coupling element between many-electron statdg,Y may involving the lowest state of a given symmetry, but some
be replaced to a good approximation by the correspondingtudies have used correlated wave functif¥s® The H,;,
one-electron matrix elemenHp,) between locaD and A values are obtained asi) one-half of the adiabatic state
orbitals! Using electronic wave functions obtained either splitting in the case of symmetry-equivale and A
from semiempirical orab initio techniques, previous groupsi®3(ii) the matrix element between the two nonor-
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9214 R. J. Cave and M. D. Newton: Coupling matrix elements for ground transfer reactions

thogonal symmetry-broken diabatic states characterizing theds yield values of the effective distances separdiingnd

initial and final states of the systehfd;*®® or (jii) the mini- A sites!®16183 defined ag pp=|Auap|/€, WhereA u,y, is

mum splitting between two adiabatic states adjusted suitablthe dipole moment difference for a pair of diabatic states,

by the application of an external field or variation of ande is the magnitude of the electron charge. These values

geometry*'® The first of these methods should be quite gen-of rp, may be contrasted with previous estimate%Ao

eral whenever one is dealing with a symmetrical systempased on molecular structural or other empirical

provided that the two-state model is adequate. The secondhata’®®-18"

method is generally applicable only in weakly coupled sys- It should be emphasized that while we concern ourselves

tems, and the inclusion of correlation can lead to ambiguhere withab initio applications, either approad®&MH or

ities, since symmetry-breaking does not occur in the limit ofBD) can also be applied using semiempirical methods, al-

fully correlated wave functions. Also, in the nonsymmetricalthough in practice the GMH model is the easier of the two to

cases, in which the two diabatic states are not degeneratepply in general. Lastly, as noted previoudl§, since the

averaging is required to maintain the Hermitian property ofGMH model is defined entirely in terms of adiabatic state

the coupling(i.e., H,,=H,,, where the matrix elements are properties(state energies, dipole moments, and transition

rea).! The third method is an attempt to circumvent themoments, it can also be applied using purely experimental

problems of the first two methods, but it is not always obvi-data to yield experimental estimatestof,, andrpa.

ous which coordinates are best varied and/or whether one has

reached the true minimum in splitting, especially for weaklyll. THEORETICAL METHODS

coupled syste_m_s. V_Vhe_n theS(_a problc_ams are combined witR_ Generalized Mulliken—Hush method

the inherent difficulties in treating excited states, none of the

above methods offers a fully satisfactory choice. The Mulliken—Hush method®*%" for relating the
With the above limitations and difficulties in mind we adiabatic transition dipole moment,,, to H,, was origi-

have developed two alternative methods for calculatingrally derived for a two-state system with weakly interacting

H.s, Which are broadly applicable to charge-transfer pro-diabatic states, thus justifying the use of first order perturba-

cesses. Our criteria for acceptable methods of calculatinfon theory. In addition, it was assumed that the diabatic
H,p, are that they should: states were localized and that one could takg=0. With

. this second assumption one could write the electronic cou-
(@) treat excited states as well as ground states, pling matrix element as

(b) be capable of treating several states of interest simulta-
neously, _ | 1 AE 4
(c) be applicable to arbitrary molecular geometries, ab | Apap)

thereby allowing tests of the validity of the Condon , . . :
12 ; . where AE,, is the diabatic state energy gap, approximated
approximation® (which neglects the variation df 5, by the observedadiabati¢ excitation energy AE,,) for op-

m:ihcr:ezfpfig t&:'Lfrp;égsgI?jrof]%?id;;z;estoerxgsp;rtgt(i)sﬁical et, with w1, andA u,;, (i.e., the diabatic dipole moment
. - P P difference taken as scalar quantities since it is assumed that
distancerp,) and avoiding the need to search for the

crossing of a pair of diabatic surfaces in order to Cal_aII dipole vectors are collinear, aligned along a direction de-
9 P fined by the centroids of th® and A orbitals. Since the
culateH,,, and

. . . diabatic states are not known in general, the Mulliken—Hush

(d) allow the inclusion of electron correlation for all states . . ,
of interest. treatment r_nakes a third assumption, namely thatablo in

the denominator of Eq(l) can be approximated bgrpa,,
Both methods presented here meet these four goals and themerer% A is generally inferred from structural data, as noted
are, to our knowledge, the first methods to do so. The firsin Sec. I. It has recently been shot#f"*8" that Eq.(1) may
approach is the generalized Mulliken—Hush approachbe extended to the nonperturbative regime by replacing
(GMH),*8 which uses a transformation of the adiabatic di-AE,, with AE,.
pole moment matrix to define diabatic states. The second In the generalized Mulliken—HusIGMH) modet®® we
method (denoted below as BD is based on block retain the assumption that the diabatic states localized at dif-
diagonalizatio®® of the adiabatic Hamiltonian using configu- ferent sites have zero off-diagonal dipole moment matrix el-
ration interactior(Cl) coefficients obtained in a basis of con- ements, and exploit this assumption as a means of defining
figurations constructed in terms of a diabatic molecular ordiabatic states in an state framework. The method is not
bital basis?® The applications reported here involvet  restricted to a perturbative treatmemiithin the n states of
processes occurring in the Zh,0)* system®® and the interes}, nor is there a need to approximate:,, in terms of
benzene—chlorine atom contact ion-pair systéffhe calcu-  structural datdi.e., r3,, as noted aboyen order to obtain
lated results for these systems, which are dominated by diH,,. In fact, the GMH model yields directly a value for
rect[or “through-space”(TS)*"] D/A coupling, allow criti- A, as well asHp, .
cal comparisons of the GMH and BD methddswe find The GMH model takes as its starting point the vector
that the two methods yield quite similar results and that ei-components of the dipole moment matrix and the energy
ther is a robust, general means for calculatihyg for ground  eigenvalueq(i.e., the diagonal Hamiltonian matjixXor the
or excited stateet processes. In addition td,;,, the meth- desired manifold ofn adiabatic states. The GMH analysis

@
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employs only the vector component of each dipole matrixpected to vary slowly with respect to nuclear coordinates,
element in the direction defined by the dipole difference vecand thus their matrix elements over the nuclear momentum
tor for the initial and final adiabatic statésvo-state cageor ~ and kinetic energy operators are generally quite siaf2*

by the average of such differences when sevetalrocesses The BD approach can be applied to any configuration inter-
are considered for a given systéf As a first step we action (Cl) wave function and associated electronic Hamil-
diagonalize this dipole moment matriyu{®) and apply the tonian matrix, while the extension of the method by Domcke
same transformation to the adiabati®., diagongl Hamil- et al?° relies on the use of a state-averaged complete active
tonian matrix. However, full diagonalization gi®® is too  space self-consistent field wave functiaenoted below as
restrictive since the central assumption of the GMH modehSA/CASSCF wheren indicates the number of states aver-
requiresu,,=0 only for state pairsa,b in which the trans- aged in the orbital optimizatiorf® This latter method allows
ferring electron is localized on different sites. Since the pro-a multistate treatment with a common set of orbitals, a prop-
cesses under investigation here are of the long-rendgpe, erty of great convenience in the formulation of a diabatic
one can easily group the eigenfunctions of the dipole matrielectronic Hamiltonian with eigenvalues identical to the
into blocks associated with different localization sites, as deeriginal adiabatic state energf@sin the following, “Hamil-
fined by the corresponding eigenvalues. Within each blockonian” is understood to refer to the electronic Hamiltonian,
we then diagonalize the Hamiltonian, thus obtaining stateslenotedH).

which areadiabatic within a given local block, but stilli-

abatic with respect to states localized at different sif®8.  ; pefinition of diabatic states

Applying the same block-by-block transformation to the di-

agonal dipole moment matrix yields the diabatic state dipole ¢ In melementlng thet BD apﬁ_ro?cgtf@ttﬁroges_sez Oft f
moments ft,,) and transition moments within each local interestin any given system, we first obtain the desired set o

block diabatic states{z//jp‘)}, for a corresponding zeroth-order ref-
: . A .

The formulation of the GMH given above was cast in €rence system. This sety; °f, denoted collectively as the

terms of a generai-state system involving long-rangd. In  Pg-space, of dimensionn,=2, a subspace of the

the limiting case of a two-statet system one obtains the NSA/CASSCF space np=<n), includes the important

following GMH results: valence-bond structures of the type described alfioeg the
Ho = AE../|A 5 appropriate charge-localized stgtefor each bimolecular
[Hal =112l AE 12/ | Apra, (23 et system discussed below, the zeroth-order reference system
| Aptan] = [ (p11— pop)?+ 4( 1?1, (2b)  (denoted by the coordinate set’}) is chosen as the “non-

interacting” system in which the two reactants are at large
separation(for intramolecularet, alternative noninteracting
systems may be defin®l In the noninteracting reference
systems, each of the relevan} adiabatic solutions}lfjpo,
t%elected from thexSA/CASSCF spacene=<n), when ex-

displaying explicitly the manner in which the diabatic quan-
tities (H,, andA u,,) may be expresseehtirelyin terms of

adiabatic state information. This reliance exclusively on
adiabatic states applies, of course, to the gemesdhte situ-

ation as well as the simple two-state case and allows one . . ) . )
evaluateH ., andrpx (i.e., |A u,4]/€) Using either the output pressed in terms of a suitable set of diabatic orbitals, as de-
ab DA \I-E.y ab

of conventional quantum chemistry codes or experimental cr_ibed belqw, is found typically to be strongly dominated_ by
datal®-16183 Finally, it should be clear that the GMH pro- asingle(or, in Some cases, a fgwharge-localized electronic
cedure can be performed at any geometry, not merely th onfigurationX;’ (taken here as a spin-adapted set of single-

corresponding to degeneracy of the diabatic stdtewhich _eterminants associated with a gi_ven e_:lectronic Configgra-
case they are mixed 50/50 in the corresponding adiabati on) (2176 ”Ot?d b?"OW as a co’nflguratlon state fu_nct|on
states, CSPH.“" Taking this set ohp CSF'’s as the reference diaba-

Previous examples of the use of diagonalization of thé'® st.ates(w;js:xf, j=1 tonp), we obtain the desired di-
dipole moment matrix in defining diabatic states have beebatic sety;} at the geometry of interestenoted collec-
discussed in recent literature, but applied in a pairwisdiVely asix}) in a “least-motion” fashiont® by projecting the
fashion®® {¢j % onto the corresponding spac®)( of np adiabatic
states{\Iij}, from thenSA/CASSCF calculation for the sys-
tem at{x}. The direct result of this projectioffor which

B. Block diagonalization of the adiabatic electronic ) )
details are given belojmay be represented as

Hamiltonian

The block diagonalizatio(BD) procedure outlined here Py, s P .
closely follows the methods developed by Cederbaum (y) :; WiChj 1=10p, (3a)
et al!® and Domckeet al?° but with particular focus on di-
abatic states suitable for representing in a chemically intuiVhere
tive manner(i.e., in terms of “valence bond” structurgghe CL=(WP|yFoy. (3b)
initial and final stategand possibly intermediate statqeer- . !
tinent toet processes, as introduced in Sec. |. Diabatic statefn view of the foregoing thet//jpo may be referred to as
defined in this manner, in contrast to the adiabatic staes  “projectors”.) Since the finiteP space does not provide a
those which diagonalize the electronic Hamiltonjeare ex-  complete basis, the€,; do not yield an orthonormal set
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Downloaded-23-Feb-2011-t0-134.173.131.83.-Redistribution-subject-to-AlP-license-or-copyright;=see-http://jcp.aip.org/about/rights_and_permissions



9216 R. J. Cave and M. D. Newton: Coupling matrix elements for ground transfer reactions

{(47)'}. For convenience, we orthonormalize tf@/])’}, HE =B H|yh). (6)
maintaining the “least motion” approach by applying a ) . N )
Léwdin transformatioff Thel mo_st |mp0rtant. rolg of the “dressing” is to include hy-
o o br|d|zatt|og t())r poIIarlztatlon effects, and v;/hém and A tare
e ) separated by solvent or spacer groups, to incorporate super-
‘ﬂjp ZEK (¥%) Skim:; ‘l’lfukj' J=1ne, (43 exchange pathwaysnvolving excess electrons or holes at
sites in the spacer between tle and A sites. When an
where intervening medium is present, superexchange coupling gen-
Np erally provides the dominant mechanism /A coupling in
Si=((W) ' 1(47) )= ChiChj (4b)  long-rangeet. Dressing of the{wjpo} may also involve elec-
m

tron correlation contributions, although such effects typically
and whereU is a unitary matrix, an alternative to the unitary do not have a major influence d#y, magnitudes®® and
transformation defined by the GMH procedure discussedre expected to be small contributdrslative to the dressing
above. of the directDA coupling due to superexchangehen su-
perexchange effects are present.

2. Diabatic hamiltonian

. . ... 4. Choice of active space orbitals
Dividing the total many-electron space associated with : ve sp !

the nNSA/CASSCF calculation for the system of interése., The referencenoninteracting diabatic stateswro, de-
at {x}) into the P-space and the remaindé&ienoted as the fined above in terms of specific CSFs in th8A/CASSCF
Q spacg®® we see that the least-motion transformationwave functions are, of course, contingent on the choice of
yielding {7} casts the Hamiltonian in block diagonal form active space orbitals. We recall that while CASSCF wave
(with respect to thé® andQ space blocks The variational ~functions and energies are invariant with respect to an arbi-
nature of thenSA/CASSCF procedure guarantees that alltrary rotation of orbitals within the active spatsince a full
Hamiltonian coupling elements between fespace and the Cl is carried out within the active spagcethe constituent
Q space are zero. The generally nondiagonal diabatic Hamil€SFs, the dominant members of which define mfé set,
tonian matrix H) in the P space is given by obviously depend on the choice of orbitals used to represent
ijk:<i/ij|H|lﬂE>=(UTAPU)jk, i k=1np, (5) the nSA/CASSCF Wave.fungtior?. Wg have obtaingd a suit-
_ _ . . S able set of charge-localizegl ° diabatic wave functions by
WhereAP_ is the (dlaggna] a(1|abat|g Hamiltonian in th®  choosing as orbitals the average natural orbitdNO's) as-
space, with element&j, =(Wi|H|W )5y, j=1np, where  sociated with then SA/ICASSCF state¥®3! In general, the
{W;} is the set of adiabatic states introduced abie® Eq.  ANO's for the noninteracting{x’} reference system are
(33)], and wherdJ is defined by Eq(4a). SinceU is unitary, - strongly localized on the different sites associated withethe
Hjj is easily seen to preserve tiie-spacenSA/ICASSCF  process. In the special case of symmetry equiva@m

energies. sites, the ANO’s will be delocalized. However, in this case
they occur in essentially degenerate symmetric—

3. Relationship between diabatic states and the antisymmetric pairéwhere we refer to the degeneracy of the

noninteracting reference states eigenvalues of theSA/CASSCF density matr)xand local-

While the projection scheme just outlined yields diabaticiZ€d ANO pairs are straightforwardly obtained by taking the
states (bjP) as “close as possible’{as obtained by “least plus and minus combinations of the members of each

motion”®®) to the reference setllro, we emphasize the cru- quasidegenerate pair.
cial physical distinction between the two sets. The referenc
set is strongly charge-localized: e.g., the pair of states in th
reference set which corresponds to the initial and final states In projecting the reference diabatic stat¢s?, onto the

in the et process of interest, which we denote 4% and  adiabatic space of intere@te., the se{\Iij}), as displayed in
ng, will have the transferring electron strongly localized, Eq. (3), we employ the procedure reported in Ref. 20; i.e., in
respectively, in a donorq(g) and an acceptorq(,‘i) orbital.  order to simplify the computational implementation of Eq.
The direct(TS) coupling"’ between¢% and ¢2, and hence (3), the reference CSFs’({)), defined in terms of the refer-
also 1//% and wg, will generally be negligible at the reference ence diabatic orbital:{g&?} (the ANO'’s, as described aboye
geometry {x°}), but may attain appreciable magnitude afterare replaced to good approximation by the corresponding
translation so as to correspond to the geometry of the syste@SFs defined in terms of orbitals obtained by projecting the
of interest({x}). Further substantial modification of the cou- {¢]9} onto the orbital space of the system of intergs., at
pling strength may occur as a result of the subsequent prdx}) as follows: the active space reference ANO’s are
jection [Eq. (4a)] of the reference diabatic states onto theprojected® onto the active space of orbitals from the
adiabaticP-space(for {x}), which implicitly “dresses” the nSA/CASSCF calculation for thgx} system and then or-
zeroth-order reference states with contributions from outsidéhonormalized in a “least motion” fashion by the alin

the reference R,) space, thus yielding the effectii@/A  transformatioff [analogous to that given in Eq4)]. For-
coupling element mally, one could treat the inactifeloubly occupied orbitals

%. Computational implementation

J. Chem. Phys., Vol. 106, No. 22, 8 June 1997
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TABLE . lonization energies for separate spedie¥).? 11l. COMPUTATIONAL DETAILS

Staté Zn ZnOH, (3.05 AY° ZnOH, (2.05 A A. Many-electron wave functions
1's 8.55(9.39¢ 7.77 6.68 Except for the results of Table I, all the wave functions
1°P 5.04(5.34° 3.86 3.29 used were state-averaged CASSCF wave functifres,

_ , , nSA/CASSCF?® however, neither method@GMH or BD) is
aNeutral species obtained based on 2/5 CASSCF calculatimesthe text - . . . .
with ions based on SCF. limited to this choice of wave function. In Table | single-
bEor molecular species the state designation is the atomic state of zn t5tate CASSCF results are reported. The CASSCF calcula-
which the molecular state would correlate at largg,. This isin all cases  tions are denoted adm CASSCFs, wherd denotes the
the lowest state of the given spin symmetry at the given distance. number of electrons correlated anmddenotes the size of the
“The Zn-0 distance is given in parentheses. . . . . .
dExperimental valuegRef. 40 are given in parentheses. active orbital space used in the calculation. All calculations

were performed using th@oLcAs software3?

(the core] in a similar fashion, but since the CASSCF CI

coefficients are invariant to a rotation of the core space ong. structural model and one-electron basis sets
may simply employ any convenient orbital representation of

the core orbital space for the system{®gt. With these ap- 1. zn} and Zn,OH3

proximations, the projection in E@3) is easily carried out : : . .

. . . The basis set used to describe the Zn atom is obtained
since all matrix elements involve a common orthonormal .
( from the Wachters (12}9p,5d) set® The 14s functions,

basig, thus yieldinglvia Eqs.(4) and (5)] the desired diaba- 9p functions, and % functions were contracted using a

. I 5
tic Hamiltonian (") at {x;. Raffenetti schenm® based on the coefficients supplied in
Ref. 33, yielding 4, 2p, and 1d contracted functions, re-
spectively. The two most diffuse functions and the most
diffuse p andd functions of the original set were also added
The two approaches delineated above have the importa@s independent uncontracted functions. Finally, we included
advantage of generality with respect to the size of state spadwo additional s functions (0.3960,0.015 4p functions
adopted[denoted, respectively, as (GMH) andn, (BD)].  (0.310, 0.120, 0.047, 0.018nd 1d function(0.155.% Tests
The choice of optimal size depends, of course, on the detaiere performed augmenting the above Zn basis with more
of the system investigated, as exemplified in Sec. IV, but igliffuse s, p, andd functions. At the largest Zn—-Zn separa-
guided in general by considerations of compactriess as tions examined hererg, ,,=9 A), the largest change in a
small as possible, subject to the constraint of adequatelgoupling matrix element due to the increased basis set size
spanning the space of states important for the processes WRs 12%. Thus it was felt the above basis set was adequate
interes} and energy separatidie., being adequately sepa- for the present study.

rated energetically from the states outside of the primary For essentially all of the geometries examined here the
space. CASSCF wave functions for Znare stable with respect to

symmetry breaking. In order to perturb the symmetry equiva-
lence of the two Zn atoms in a controlled fashion a water
molecule was added on the periphery of thg Zmolecule so

as to form aC,, Zn,(H,0)* complex(with the H,O twofold

C. Choice of state space

TABLE II. Electronic coupling elements vs distance for;Zh

F znzn (A) Method Heo Hppr Hspips axis collinear with the Zj axis, and with the negativéD)
50 GMH =26 Y oad end of the water closest to the_}Zmnmety): _The water mol-
BD 6.15 12.8 18.7 ecule was assigned the experimetitaiquilibrium structure
6.0 GMH 2.16 7.07 10.8 (ron=0.957 A and<xHOH=104.59. Variation of the dis-
BD 2.04 6.94 8.03 tance between O and the nearest Zn atogpd), was used to
7.0 GMH 0.623 341 4.49 control the degree of symmetry-breakigithin the local
BD 0.610 339 336 7nt unit) and to allow a test of the Cond imatidh
8.0 oy . 154 180 n, unit) and to allow a test of the ondon approximatfon.
BD 0.170 1.54 1.38 To sample states near the @H,) minimum we .used_Zno
9.0 GMH 0.0440 0.651 0.704 =3.05 A, which is near the calculated equilibrium distance
BD 0.0338 0.651 0.553 for the neutral species. For this limited purpose it was felt
B GMH 2.55 153 178 adequate to employ a minimal atomic natural orbital basis set
BD 2.58 1.49 1.76

for water®” The main role of the water molecule in these

*GMH and BD matrix elements reported in mhartrees, and labeled by thénodel calculations is to shift the Zn energy levels, although
dominant Zn valence orbitals involved in the coupling, based on 3/8 4SAlsome donation of charge to the water was observed in ex-

CASSCEF calculations as discussed in the tere of the two equivalent Zn
atoms is distinguished by a “prime’’All H,, quantities listed in Tables I,
IIl, and V-VII correspond to thenagnitudef the coupling elements.
b3 values come from fits of the data to the forms,=A exp(—Br/2),
wherer=rz,7,.

J. Chem. Phys., Vol. 106,

cited states of Zs{H,0)*, even with the minimal basis. Of
course, the Zs{H,0)* system may be considered ahsys-
tem of potential interest in its own right, warranting further
study employing more flexible water basis s&tMost of the
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9218 R. J. Cave and M. D. Newton: Coupling matrix elements for ground transfer reactions

- a) distinct matrix elements, corresponding to transfer from ben-
zene to(a) the Clp, orbital (pointing at the ring (b) the

Cl py orbital, and(c) the Clp, orbital. Symmetry dictates
the member of the nearly degenerate pair of highest occupied
orbitals on benzene from which the electron is removed in
each caséi.e.,a’ or a” in the C4 point group.

IV. RESULTS
A. Zn%* and Zn(H ,0)%*

Prior to dealing with the full clusters, Zn and
Zn,(H,0)*, we consider the ionization energies of the con-
stituent units, Zn and Zi,0). In Table | we report the
ionization energiegIP) of Zn and ZnHO from their two
lowest electronic states. For the neutral Zn species we per-
formed 2/5 CASSCF calculations, which for the ground-state
amounts to correlation of thesdelectron pair on Zn via
excitation into the 4 and 5s orbitals. In ZnHO the active
space has similar character, but for Zn—-0 distances in the 2
to 3 A range there is significant water character to the cor-
relating orbitals, as well as somea-44p, mixing (Zn-0 lies
along thez axig) in the nominally doubly occupied orbital.
For the ions we performed single-configurational open shell
SCF calculationgno correlation being required for the un-
paired electropas the appropriate counterparts to the neutral
2/5 CASSCEF calculations. The IPs are of interest since they
yield some estimate of the decay with distance of the highest
occupied orbital in the neutral species, and thus should be
related to the decay with distance of the electronic coupling
matrix element (see below The calculated IPs for Zn are
found to be within 1 eV of experimental valu&s.

1n|H,,|
|
o

1nfH,, |

B. Zn and Zn »(H,0)*

We now consider the coupling elements which encom-
pass the various electron transfer processes between the va-
lences and p orbitals of the two Zn atoms in the Znand
Zny(H,0)* systems(we focus specifically on orbitals of
calculations reported below were carried out fggo=2.05 sigma symmetry (|.e.., 3, In C, point-group sym.metlw

o A minimal representation of these processes, which include
or 3.05 A, near the calculated equilibrium values, respec: : .
. " thermal (from ground or photoexcited stajeand optical
tively for ZnH,O" and ZnHO. . . .
transfer, requires inclusion of the four lowest-energy states
of appropriate symmetry for each syst({ﬁig or 23, for
2. Benzene +Cl atom Zny, and?A, for Zny(H,0)*]. While these processes from a

A split valence(VDZ) atomic natural orbitdl basis was fundamental point of view involve many-electron rearrange-
used on all atoms. The five states of intergise lowest fivg ~ Ments, they may typically be cast to a good approximation as
were described with a 9/5 5SA/CASSQEomprising the  €ffective one-electrofor one-hol¢ transfers betweeb and
three close-lying states of benzene plus chiorine, and twé Orbitals!®® In this spirit, we employ an obvious orbital
low-lying excited states corresponding éb from either of ~ notation in labeling the following processes connecting the
geometries used for the present comparative study of thén" valence statgs
GMH and BD me_thods had k_)enz_ene _centered atthe originin = zn(ls)+zn*(2S)—zn*(29)+Zn(1S) s—s’, (78
the xy plane, with thex axis bisecting two parallel CC . oy oy 5
bonds. The Cl atom was placed in a plane a distance Zn(*P)+2Zn"(°S§)—Zn" (“§)+Zn(*P) p—p’, (7b

ooz (A)

FIG. 1. Plot of IfH,y| VST 7,2, for Zn; based on the GMHcircles and BD
(triangles methodsi(a) Hgy , (0) Hppr, (€) Hep -

=3 A above thexy plane at two different distances) 1 402 + 02 3 ,
Zn(*S)+Z S)—Z S)+2Zn(°P , 7

along thex axis[d=1.208 A, centered above a CC bofia NS +Zn7 (5= 2n7 ("9 +Zn(°P) s—p (79

a “m complex"¥¥2Y] andd=0.6 A).3° We obtain three Zn(3P)+2zn" (39— Zn* (39)+Zn(*S) p—s’,  (7d)

J. Chem. Phys., Vol. 106, No. 22, 8 June 1997
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R. J. Cave and M. D. Newton: Coupling matrix elements for ground transfer reactions 9219

TABLE Ill. (a) Electronic coupling elements vs distancez{,) for (i.e., the “projectors’y were obtained from the
Zn,H,O" with rz,0=2.05 A2 (b) Electronic coupling elements vs distance NSA/CASSCE calculations fOI’Z 5 =20 A. taken as the
r for Zn,H,O" with r,,0=3.05 A2 . nen T

(rzozo z2 zno dominant CSFs for each stafe(expressed in terms of

M znzn (R) Method Heo Hppr Hep Hos ANO's, as discussed in Sec. 1)B
@
4.0 GMH 28.3 23.6 50.4 42.7
BD 18.2 14.9 39.0 46.3 +
1. Zn;
5.0 GMH 10.5 13.0 51.7 22.3
BD 6.28 9.60 30.4 23.0 In Table Il we report electronic coupling matrix ele-
6.0 GMH 373 755 411 10.1 ments based on both the GMH and BD methods for the
BD 2.03 6.47 21.3 10.6 70t ; W d 3/8 4SA/CASSCE functi
70 GMH 109 423 218 408 n, system. We use \ wave functi¢hs
BD 0.804 379 12.8 4.33 orbitals per center, corresponding to the dnd 4p set at
8.0 GMH 0.340 2.57 13.8 1.62 larger 7,7, andrz,0). [In Ref. 8a) we used a 3/10 space for
BD 0.274 2.21 7.32 178 the Zn, calculations, which adds an extsdike correlating
9.0 GMH 0.0958 144 736 0611 gpital on each center. Little difference is found in the elec-
BD 0.0921 1.22 3.64 o710 i | ts obtained with the tw B
b GMH 208 111 0.81 171 ronic coupling elements obtained with the two spacEsr _
BD 210 0.99 0.95 1.68 both GMH and BD methods the matrix elements show sig-
© nificant variation with orbital type, as do the various decay
40 GMH 297 344 59.3 417 rates with distancésee yalues in Taple . The I|r.1ear fits
BD 14.0 18.6 56.8 448 of In|Hay| Vs 124z, (See Fig. 1 were quite good, with linear
5.0 GMH 7.95 14.7 385 22.1 regression coefficients af=0.995 (the only exceptions be-
BD 5.62 12.4 30.6 21.8 ing theHs, matrix elements for ;,o=2.05 A, where there
6.0 GB'\SH zz-g’f 77??;” 11:-3 :Z‘g are significant deviations from linearity, ands ~0.95. It
70 GMH 0.698 425 0.56 .84 is of interest to note that the trends@mare the same as those
' BD 0.655 417 8.80 4.00 in IP values for the local neutral donor gro{ipn(*S) and
8.0 GMH 0.203 2.27 4.78 1.51 Zn(®P)], as expected from the semiclassical expression for
BD 0.196 2.25 4.56 170 tunneling through a homogeneous barfiér.
9.0 GMH 0.0558 1.16 2.32 0.574
BD 0.0529 1.14 2.19 0.707 _ 2112
B GMH 2.49 1.32 1.32 1.74 B=2[2m(IP)/A7]7% ®
BD 2.23 1.12 1.29 1.67

Using the IP’s listed in Table | yield8s s =3.00 A~ and
aThe resultsin mhartre¢ were obtained from 3/12 4SA/CASSCF calcula- ,Bp p,:2_30 A1 in the same order but significantly Iarger

tions. See the text and footnote a of Table Il for state designations. Table,[lh th btained f the detailed t lculati
of Ref. 18a) listed similar 3 values(based on the 5-9 A range of,,). an those obtained from the detailed quantum calculatons.

The “prime” on the orbital labels denotes the Zn atom closest to the waterWhile the simple model underlying E¢) does not directly

bligand. _ permit an estimate o8 for the “cross reactions’[Egs.(7¢)

See footnote b of Table Il for details. and (7b)], the fact thatBsy s is closer in magnitude to
Bpp than to By is qualitatively consistent with the notion
that the decay is dominated by the ionization energy associ-

wheres andp denote valencegland 4po (i.e., 4p,) orbitals  ated with the highest-lyingor most spatially diffuseorbital

and where a “prime” is used to distinguish the two Zn sitesinvolved in theet process.

[for the case of ZH,0)", the “prime” denotes the Zn The GMH and BD methods vyield quite similar results

atom closest to the 0 (see Sec. Illl. The sp’ and ps' for the s—s’ matrix elements at all distances examined. The

matrix elements are equal by symmétrjor Zn; [and, of same is true for thep—p’ matrix elements. The GMH
course, for Za(H,0)* with r;,o=2<]. s—p’/p—s’ matrix element is uniformly about 30% higher

The description of the above proces$Es. (7)] as ef- than that from the BD method, but th@ values are quite
fectively one particle in nature requires not only that thesimilar.

overall spin state is conserved but also that no additional  For thes—s’ andp—p’ matrix elements for Zp, a third

electronic excitationg''shakeup”) occur[e.g., as discussed estimate comes from taking half the splitting between the

in Ref. 8d)]. These conditions are all satisfied in the presentelevant symmetric and antisymmetric adiabatic sthffise

study. While all of the calculations reported here were forresulting values oH.y (in mhartre¢ are: 6.355.0 A); 2.08

doublet stategas noted above for process(7b) an overall (6.0 A); 0.617(7 A); 0.171(8 A); 0.0440(9 A), with r 5.z,

quartet state would also be possible. In the case of stateslues in parentheses. The valuesf, (in mhartreg are:

involving excited neutral Zn atoms, we note that of the two13.0 (5.0 A); 6.99 (6.0 A), 3.41(7 A); 1.54 (8 A); 1.54

independent doublet states possible for the important CSF’'s 3; 0.651(9 A). These latter results are in quite good agree-

with three singly occupied orbitals, the CSF with local ment with those obtained from either of the four-state meth-

Zn(®P) character is strongly dominant in the CASSCF waveods, with values in each case lying between the GMH and

functions. BD values. The splitting approach is not directly applicable

The referencdnoninteracting states in the BD method to the cross reactions, where no pairwige., 2-statg ap-

J. Chem. Phys., Vol. 106, No. 22, 8 June 1997
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9220 R. J. Cave and M. D. Newton: Coupling matrix elements for ground transfer reactions

proach is possible in an adiabatic baé'm the absence of TABLE IV. Energy separations for the four lowest adiabatic states of
some artificial external perturbatipand the full(i.e., four- ~ Zn20Hz and Zrj vsrz,_z,.®
stat¢ GMH or BD is required in general.

System I'zn-zn I'zn-0 AE; AE; 3 AE;_,4

Zn,OH; 9.0 2.05 1.74 1.69 1.76

2. Zny(H;0)* . © 50 205 138 2.15 158

a. Hy, In Table 1l we present results for 4H,0 9.0 3.05 0.69 274 1.06

with rz,_o=2.05 A (Table 1ll A) or 3.05 A(Table Il B) for 5.0 3.05 0.64 2.74 1.07
arange of 5,_»,in each case. A 3/12 4SA/CASSCF describ-  Zn; 9.0 0.002 3.27 0.04
5.0 0.35 2.80 0.71

ing the four lowest states of the system was used. The 12
active space orbitals correspond to tf& 4p spaces on each @All energy differences in eV; see text for valence-bond designations of
Zn (the 3/8 spack with an extras andp, pair on each center  states. The ZOH; results are from 3/12 4SA/CASSCF calculations, while
to allow for shape changes in the neutral and cascmd the Zry results are from 3/8 4SA/CASSCFs. For comparison with the sepa-
p, orbitals. Unlike the case of 3ndiscussed abovéorre- ratgd systems of.T.able l, the sumA&)Ely.2 andAE, ;is the ground s'inglet—
sponding in the present context (9,0=2), none of the  SXXeq VPSPl e an s e peserce o B0 b
Zmy(H,0)™ energy levels at large 5z, approach near- | ocence of the Zncation.

degeneracy for finite values af,o (this contrast is illus-  "This value differs slightly from the value of 3.40 eV given in the text of
trated by the energy gaps for Zrand Zr(H,0)" displayed  Ref. 18a) [based on a slightly larger active space (3]10)

in Table 1V for a variety of geometrig¢sThe following adia-

batic state ordering is observed:(1) Zn(‘S)

+Zn-0H; (*S); (2) Zn*(*S)+Zn-OHy('S), (3) Zn(*P)  Hg, andH, . In addition to the fouet processefEq. (7)],
+Zn-0H} (?S), and (4) Zn"(?S)+Zn—-OH,(°P). In the we note that the one-center transitiorss;p and s’—p’,
state designations for Zn(jli? we use the atomic state of Zn which would be spin forbidden for large,,_z,, have small
with which the complex would correlate were the water re-but finite transition moments in general due to the overall
moved to large distance. These designations are the same @sublet spin state of the systenthe so-called trip
the diabatic state labels introduced above, in connection witdoubleté?).

Eg. (7) (although the degree of charge localization is greater b. Decay coefficientsd). The GMH and BD methods
for the diabatic statgs except in the limit of very large vyield similar values for the matrix element of each orbital
rzno (Where adiabatic states approach symmetric delocalizatype (with the agreement being better at largg,,) and also
tion with respect to the Zh moiety). The inequivalence of similar decay withr ;. (ie., 8), as seen in Table lll and
the two Zn atomgfor finite r ) leads to distinct values for Figs. 2 and 3. The3 values for Zg(H,O)" are uniformly

® GMH

o ~7 k3
— —
-8 |
¥5 -
79 F
A
—-10 ~-6 L L L L .
4 5 6 7 8 9
Tann (A)
3 -2 )
_3k
4l
—4
4 sl & -5t
= 5
— —
6l
_6 -
7+
7Ll . . . L . g . . A ) )
4 5 6 7 3 9 4 5 6 7 3 9
Tauan (A) Tann (A)

FIG. 2. Plot of INH,y| VS I 717, for Zny(H,0)* based on the GMHcircles and BD(triangle$ methods, with' 7,6=2.05 A: (8) Hsy , (b) Hppr , (©) Hgy , (d)

Hps -
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FIG. 3. Plot of IfHg| VS I 70z, for Zny(H,0)* based on the GMHcircles and BD (triangles methods z,0=3.05 A: (8) Hgy , (b) Hppr , () Hep , (d)

Hpg -

smaller than their counterparts for Zr(Table Il), as ex- ity to the choice of diabatic orbitals we have performed ad-
pected qualitatively from trends in IP[Fable | and Eq(8)]. ditional calculations in which the reference orbitals were
In a similar fashion we fings,, < 8, as expected. We note taken as the ANO'’s for the system with,z, greater than
that the agreement between GMH and BD resultsrigg,  that for the actual system of interest by 1 A, in contrast to the
=3.05 A (Table 11l B) is somewhat better than that found at Procedure used above, in which the reference ANO’s were
f o= 2.05 A (Table 11l A), and we discuss the reasons for always obtained for z,z,=20 A. We found at most a 3%
this in Sec. V. The decay constants fof,o=3.05 A are difference in g between the two methods of defining the

somewhat different from those for either the Symmetrica]diabatic orbitals. To test the sensitivity to the choice of pro-
Zn; (i.e., rzno=>) System or the systems with,,_ o jector coefficients, we carried out further calculations using

=2.05 A, but this is expected given the different energythe full set of CI coefficients for each adiabatic state within
gaps obtainedsee Table V. then, space of diabatic CSFs at largerather than zeroing

c. Assessment of the Condon approximatiofhe find- ~ out the small contributors from the CSF's other than the
ing of similarH,, magnitudes for different,,c values, fora ~dominant one. The largest changedivalues resulting from
given type of process at a fixed valueref,,,, lends support this means of defining projectors was 7%-s’ transfey,
for the use of the Condon approximation in systems of this
type. This possibility prompted a more detailed assessment, .\ GvH electroni ling el s § ot
using the GMH approacfTable V), withr,,_,,held fixedat . _ca= electronic coupling elements for g

Zn—-Zn . .

5.0 A whiler,_owas varied from 2.05 to 100 A. It is seen

VST 700, With

that a given matrix element varies as much as 50% over this 'z (A) Hsy Hpp Hsp Hps
range, with some instances of significant nonmonotonic be- , ¢ 105 13.0 517 223
havior, especially for thes—p’ and p—p’ matrix elements 2.25 10.1 15.0 55.5 22.0
(see discussion in Sec.)VNevertheless, the overall varia- 2.55 9.07 15.5 50.0 21.9
tions of H,, for a given orbital type may still be considered 2.85 8.28 151 42.5 22.0
relatively modest in view of the sizable variation of IP 2'82 ;g? g'g ;g'g ;gé
(~1 to 2 e\) with respect tarz,o (Table ). 6.05 6.95 131 25.2 231
d. Sensitivity to details of projector state€One might 100° 6.85 12.9 23.7 23.7

wonder how sensitive the matrix elements obtained from the

BD procedure are to the choice of reference diabatic orbital%“” values in mhartree, based on 3/12 4SA/CASSCF wave functions, and
are in atomic units.

and/or CI coefficients in the definition of the diabatic projec-orpese vaes supersede the values listedr jqg=2 in Table | of Ref.
tor states;pjpo (see Sec. Il and Ref. 27To test the sensitiv-  18().
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9222 R. J. Cave and M. D. Newton: Coupling matrix elements for ground transfer reactions

TABLE VI. Two-state GMH and MH electronic coupling elements for TABLE VII.
Zn,0OHy VS 770, With r2,_0=3.05 A2

GMH and BD electronic coupling elements for the
benzene—Cl system witti=0.6 A and 1.208 A (=3.00 A) 2

F 7nzn (A) Method Hse Hpp Hepy Hps Hap
4.0 GMH 17.7 12.6 85.8 38.9 Method d &) Haps Hpy” Hopy
MH 121 7.35 253 14.1
5.0 GMH 6.66 134 423 205 GMH 06 15.2 18.5 17.3
MH 5.63 834 254 144 BD 0.6 16.1 17.0 14.9
6.0 GMH 2.21 760 198 9.10 GMH 1.208 24.1 1a.7 13.1
wiooase o sy o7a  Bo B x2 o ow
7.0 GMH 0.682 4.24 9.70 3.77 ' ) : )
8.0 (g/II\TH %62%21 325247 Eill871 314570 aResu_lts from 9/5_SSA/C_ASSCF calculations_ in a split valefe®z)
' MH 0 '193 5 'Ol 4 '28 1 '42 atomic ljatural orbital basidref. 3(_3. All values in mhartree§see the Fe_xt
: ' : : for details of geometry and matrix elementiinless otherwise specified,
9.0 GMH 0.0555 1.16 2.32 0.572 the projection vectors for the BD analysis are the dominant diabatic con-
MH 0.0538 1.07 2.15 0.551 figurations ()(o).
J
P GMH 2.31 119 1.46 170 The H,, values are denoted according to the dominant Cl orbital-type
MH 2.19 0.82 1.05 1.37

involved in each case.

a - - ‘Projection vectors based on the CI representation of the diabatic state at
he results were obtained from 3/12 4SA/CASSCF calculations. The MH larger (i.e., including contributions from allr(;) of the dominant CSF)s

Refs. 18c)—18nh) result is based omgA=anZn. See the text for other
details.
bSee Table Il for details.

C. Benzene +ClI

As another example of the application of the GMH and
BD methods, we consider briefly the case aif between

) . benzene and Cl in a complex of thetype, withCg symme-
with the remainingB values affected to a much smaller de- try, as described in Sec. Il B. Specifically, we place the Cl

gree. The absolute values of the matrix elements were alsg,m 3 A above the benzene plane, either directly over a CC
quite similar, irrespective of the particular choices consid-pgng @=1.21 A) or halfway between this point and the six
ered here for defining the reference diabatic states. This sugg|d |ocal axis of benzened=0.6 A). Reference diabatic
gests that in general, the results for coupling elements mayrbitals were obtained at=7 A andr=5.5 A, respectively
not be strongly affected by choices regarding fine details ofjittle sensitivity to the particular large value for the calcu-
this type. lation of reference diabatic orbitals is expected in this range

e. Comparison of two-state and four-state resultall
of the results for Zg(H,0)" discussed so faTables I11-V)
are based on a multistate treatmen,€4). It is now of

As shown in Table VII, the GMH and BD methods give
quite similar results for the various electronic coupling ele-
ments at a giverd, and comparison of values for the two

interest to compare these results with those based on thdifferentd’s shows the sensitivity dfl,, to Cl position over
familiar two-state approximation, i.e., where each of the fourthe benzene ring, especially fet involving the 2p, orbital

processes of intere§Eq. (7)] is treated in terms of the ap-
propriate pair of adiabatic statés subset of the full space of
four states In addition, within the two-state framework it is
of interest to compare the GMH moddq. (2)]*¥® with its
predecessor, the MH mod&P~" [Eq. (1)], in which
Apugp is equated teerz,_z, and AE,, is replaced with the
appropriate adiabatic energy gap;,).*89-18" Taple VI

of CI [the three lowest-lying states in order of increasing
energy are dominated, respectively, by holes in tipe,2
2py, and 2,, manifold of the Cl atom, given the coordinate
system adopted hergsee Sec. Il B. In tests using other
geometries we find that the GMH and BD methods vyield
similar agreement. Also included fat=1.21 A are values
of H,,, obtained from projectorégbjpo, see Sec. |l Bbased

addresses these questions, with GMH and MH results basé all n, CSFs in the large CASSCF wave function. It is
onr,0=3.05 A. In comparison with the results from Table seen that théd,,, andH,,, elements are insensitive to this
Il B it is seen that at large,,_», either two-state approach change, but théi,,, varies by approximately a factor of 2.
yields results in excellent agreement with the multistateThis sensitivity arises largely from the near-degeneracy of
treatments. At short,, , significant differences are ob- the Clp orbitals and the significant difference in magnitude
served between these and the full four-state GMH, to whici®f the px andp, matrix elements. In additional calculaticfis
they are approximations. In particular, for both two-state ap¥Ve have shown fthat consideration of_ the first two states WIFh
proaches the increase if,, with decreasing ,,,_,,is slower local benzene trlplet character has little effect on the matrix
than that given by the four-state GMH, and for teep’  €léments dealt with here.

element the MH result decreases more rapidly between 4 and

5 A than either of the GMH results. It is interesting to note V- DISCUSSION

that at short ;,_z, the two-state GMH actually agrees better  The first point to be made about the above results is the
with the BD results than it does with the four-state GMH. similarity between the GMH and the BD coupling matrix
We return to the relative merits of the GMH and BD resultselements, both with respect to magnitude and decay with
in Sec. V. distance. The GMH and BD methods offer independent
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R. J. Cave and M. D. Newton: Coupling matrix elements for ground transfer reactions 9223

TABLE VIII. Effective charge transfer distancefNu/e|) for processes in  TABLE IX. Results from six-state GMH and BD analys@s,,,=8.0 A).2
Zn,H,0" (rzn0=3.05 A) 2

’ ’ ’

r zno (A) Matrix element ss pp sp ps
Process
2.05 HEMH 0.0454 355 214 0530
F 70zn (B) State definition ss  pp’ sp ps HEP 0.299 1.65 481 2.66
—— |A M el 7.63 876 876 7.64
40  diabati€ GMH 405 2.88 329 363 |AMéD/e‘ 755 879 896 738
ij o=l ) : : :
‘ ‘ BD 4.13 2.72 3.25 3.59 |A,u,ia}dlaba“7e| 7.63 6.38 6.49 753
adiabati€ 095 044 047 0.93 |AMnoninteractin9;e| 8.25 9.66 9.66 8.25
noninteracting componefits  4.00 3.97 3.97 4.00 3.05 HQM'A 0'233 3'31 1'91 0'494
5.0  diabati€ GMH 467 360 388 4.40 ' 1o 0224 356 246 352
BD 468 356 385 4.39 oM ' ' ) '
— |AuCMY el 7.72 766 754  7.84
adiabati€ 3.49 227 257 3.20 R -‘%D/e\ 701 757 701 780
noninteracting componefits 5.00 4.97 497 5.00 lA’“;{d,abaﬁ?e| 7.67 7'02 7'11 7.58
8.0 diabati€ GMH 768 7.08 7.15 7.60 | A“gommeraamm 8.00 797 797 800
BD 768 7.08 7.15 7.60 il ' ' : :
adiabati€ 767 7.02 7.11 7.58

®Hamiltonian matrix elements in mhartredd, u;; /e| values in A. All re-
sults obtained from GMH or BD analyses based on a 3/12 6SA/CASSCF
calculations. See the text for details.

noninteracting componefits 8.00 7.97 7.97 8.00

3All parameters are given in A units.

PAu=Au,,, using state labels introduced in Sec. I.

‘Au=pu,—u,, Wherei,j are the labels of the adiabatic states which cor-
respond to the diabatic paiesb. same qualitative pattern is evident for each of the feur

dAu obtained by superposition of charge densities for noninteracting comtypes: relative to the result for the superposed noninteracting
ponentsi.e., Zn+Zn(H,0)" or Zn" +Zn(H;0), with the neutral speciesin  ghojas the diabatig, , values are somewhat reduced, while
the ground state or lowest triplet state, depending on the particular process T . no . . . !
the D—A mixing implicit in the adiabatic results yields fur-
ther reduction, increasingly so Bg,z, is reduced from 8 to 4
A. In all cases, the GMH and BD results are very similar.
means for defining and calculatintd,,, and the fact that The diabatia . values are in general less thiat,,,, differ-
they yield results in generally close agreement lends suppolitg by up to 30%.
to the concept of diabatic state properties. In addition, the
compar|+sons with the _values obtained f_or the symmetric sysz. Comparison of GMH and BD results
tem, Zn,, where a third means of estimating the coupling
can be used lends further support to the utility of the meth-  In spite of the good overall correspondence, some appre-
ods. The comparison of two-state GMbr Mulliken—Hush ciable differences are found between the GMH and BD
H,p, values for Zn(H,0)* with those from the multi{i.e., Hgp values in the Zg and Zn(H,0)" systems. We analyze
four) state GMH and BD values shows that a simple pairwisghese differences in terms of various assumptions underlying
(i.e., two-statp approach may be adequate when fheA  the GMH and BD approaches, as formulated in Sec. Il. The
interactions are relatively weak. However, even in the weakGMH method is intended for long range, where the distance
coupling regime, the treatment of the “cross reactions”scale for transferr(y,) is large relative to that for the local
(Hsp andH g ) at the two-state level requires nonequivalentD andA sites. Since the effective radial extent of the Zn sites
D andA sites(achieved here by the @ ligand at one of the may be taken as-2 A, based on calculated rms radii for the
Zn sites. 4s and 4p valence orbitals of Zn, we se@.g., cf. Table
VIIl') that the assumed separation of distance scales is not
strictly obeyed for the shorter range ©of,z, values(near 4
Aside from direct consideration ¢, values, a conve- A), and this fact helps to account for differences in GMH and
nient way to compare the GMH and BD results and to placeBD results forr,,,,=4 A (other factors operative also at
them in perspective is to examine the dipole moment shiftsarger ZnZn separations for the case of,@&hpO)" with
(Aw) associated with the four types ef processes given in  r,,0=2.05 A are discussed belpwA useful diagnostic for
Eq. (7). Table VIl displaysAu values for Zp(H,0)* at this lack of separation of distance scales is found in the trans-
three differentr 7, values(4, 5, and 8 A and withr,,,  formed BD dipole moment matrix. Inspection of the full di-
fixed at 3.05 A. TheAu values are actually presented as thepole moment matrices in the diabatic representation obtained
scaled quantities| A u/e|) corresponding to effective charge by the BD procedurénot shown reveals that in most cases
transfer distancesrf,), which may be compared with the dipole matrix elements linking states associated with differ-
“zeroth-order” et separations given by,,z,. The diabatic ent sites have very small magnitude10% of the corre-
guantities in Table VlIli(both GMH and BD may be com- sponding adiabatic valugsthus justifying the neglect of
pared on the one hand with the corresponding adiabatisuch elements in the formulation of the GMH meth&kc.
quantities,|Au;; /€| for thei,j pair of adiabatic states, and Il A and Ref. 18a)]. In some cases, one finds the two-center
on the other hand with the referencg, values based on the BD w;; matrix elements to be reduced relative to the corre-
dipole moments of the systems obtained by the superpositiosponding adiabatic matrix element, but still sizeable relative
(at the appropriater;,7, value of the separate species to the adiabatic value. When this is the case, the MH or
(Zn+2ZnH,0" or Zn"+ZnH,0). At all values ofr,,z, the ~ GMH treatments will tend to yield inaccurate results for the

A. Effective et distances ( rp,)
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9224 R. J. Cave and M. D. Newton: Coupling matrix elements for ground transfer reactions

electronic coupling when applied at the given distateg., present context aét processes, an important criterion of util-
an overestimate foH ., when the direct and MH contribu- ity for a given set of diabatic states is their ability to serve as

tions to 2% are of the same sign initial and final states in a reliable quantitative formulation of
thermal et rate constants for weakly coup@e-A systems.
C. Choice of adiabatic state space Coupling elements inferred from the GMtdr related MH

Another important assumption underlying the presentformulation of diabatic states have been successfully em-
formulation of diabatic states is the separation of diabaticDloye<j n rattlonallzwllg e;(pﬁr'?]?rgal k('jn?g d%t%f[’r:ncéw'
state energies from those of states lying outside the adopté'ag ta rtc_ecenh exant}?(ta ot p.lo oin UCI? Ia,n te em- b
P space. Expansion of the number of adiabatic states used stration here thal similar coupling elements may be

the NSAICASSCF(and also the GMH or BD analygipe-  oraned from an independent formulati®D), underscores
yond 4 (tO 6) reveals that for Zf(Hzo)-%— with f 210 € ropustness o lapatic tormulations based on quantum

chemical concept®
The two methods presented here for the evaluation of the
electronic coupling element&MH and BD), in addition to

=2.05 A there is a near-degenerddjabatic energy separa-
tion of ~0.005 h between states dominated #y character
on ZnH,0 and'P character on the Zn atom, such that the - _ ; L .
fourth adiabatic state is a strong admixture of these two diprowdmg a useful basis for assessing the sensitivity of di-

abatic states. This result helps to explain the fact that for thigllbatIC state propelrues tto aItenI’]atlvte choices OI SL:Ch r]statgf,
I zno both BD and GMH tended to yield diabatitu;; /e, also serve complementary roles 1o some extent when |

wherei or j involves the locaPP state on ZfH,0), that comes tp ease .Of applicapility. Qomputationally, the GMH

were significantly smaller thary,z,. In order to obtain more method is significantly easier to implement, as long as one

nearly localized states in the r&;?\/IH sense. then. one migh(fan evaluate the full dipole moment matrix for the calculated
L] ] . . . . ,18(6)

expand the adiabatic state space. In fact, in test calculatio genstategor obtain it from experimental dfd*%). The

with an expanded state spatiacluding states withP-like D method can be used where dipole moments are not avail-

character on both the Zn and Zg®i sites we find signifi- able, but requires some care in the definition of reference
cantly more localized ZAP states, smaller values by (noninteracting states. These states may be obtained at a

and larger values fak w;; /e (Table IX). Since our main goal point of high symmetr$f or one where the donor and accep-

here has been to compare the GMH and BD methods, wior are well separated@he procedure employed in the present

have not focused on such an expanded state space. Whgwdy)' This is relatively simple to do when the donor and

f,.0=3.05 A, the four-state assumption is on firmer ground acceptor are not covalently bound or when a geometric pa-

since for the pair of diabatic states just discusGed, those rameter(say, for examplg, a ,tW'St anglean at some p0|r'\tl
with dominant®PZn(H,0) and 'P Zn characterthe corre- naturally decouple the diabatic states. When these conditions

sponding energy separation is nearly three times as Iarggo not pe_rtain it is somewhat more difficult to defing diabatic
and the diabatic states tend to be more localizechfe#. states using _th_e BD meth8.The GMH model avoids the_
need for explicit reference states, and this feature makes it an
attractive method to use for rigidly linked donor and acceptor
systems®

The data in Table V shows thét,, magnitudes do not Finally, while the GMH model is designed specifically
vary strongly with the ZnkO separation in the Z6H,0)"  to describe charge transfer reactions involving well-separated
complex, thus giving some qualitative support for the use otharge-localized states, the BD method has greater generality
the Condon approximation. Nevertheless, at the quantitativend may be applied to a variety of chemical proced$és,
level appreciable variation withz,c is observed, especially including triplet energy transfer, a two-electron process

for Hgg andH, , where overall reductions by a factor of closely related to electrofand hole transfer*®
about 2 are observed over the full rangeregfy. For the

coupling involving p or p’, examples of nonmonotonic
variation are found. To the extent that the Condon approxi¥. Advantages of the GMH and/or BD methods vis-a-
mation is valid, one may often employ techniques such ais alternative approaches

external electrostatic fields or geometric variation so as t0  \ye have already note@Sec. ) a variety of problems

minimize the adiabatic spliting\E,,, thereby permitting  ,qqqciated with other schemes for obtainiiginitio and/or
Hap to be estimated as one-half this minimum value, asy|yalence-electron semiempirical estimates of electronic
noted in Sec. |. However, we reiterate that one of theyqpling elements, including the limitation of being re-
strengths of the GMH or BD approaches is the applicabilitygyicted to the diabatic crossing poiteither for symmetric
to an arbitrary configuration of the system. systems or artificially perturbed nonsymmetric systertrse
difficulty in obtaining reliable estimates &f,, when exten-
sive electron correlation is employed, and the inability to
treat several states at once. It is clear that the present meth-
To the extent that different diabatization schertiaghe  ods circumvent the first difficulty, but it should also be clear
present case, GMH and BRield coupling elements of dif- from the above applications that they do not suffer from the
fering magnitude, we emphasize that there isa@riori latter two defects. In fact, the calculated results are found to
basis for deciding which scheme has greater validity. In thde robust when more complete treatments of electron corre-

D. The Condon approximation

E. Complementary aspects of the GMH and BD
approaches
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lation are used? In addition, neither method is limited to the 1. R. Gould, R. H. Young, L. J. Mueller, A. C. Albrecht, and S. Farid, J.
use of CASSCF wave functions, although as currently imple- Am. Chem. Soc116 3147, 81881994
mented the BD scheme does require a common set of orbit-(@ J: Halpern and L. E. Orgel, Discuss. Faraday 28¢32(1960; (b) H.
. . . M. McConnell, J. Chem. Phy&5, 508 (1961).

als. For either method one could use multireference singlesg | arsson, 3. Am. Chem. Sat03 4034(1981.
and doubles ClI or, for example, multireference second-ordef(a) B. Kallebring and S. Larsson, Chem. Phys. L&88 76 (1987; (b) S.
perturbation theories that allow for relaxation of the refer- F. Fischer and P. O. Scherer, Chem. PHs5 151 (1987; (c) P. O.
ence space weights upon correlati@uch methods include ~ Schererand S.F. Fischdi3l, 115(1989; (d) M. Plato, K. Mdbius, M. E.
he B. method of Nitzsche and Davidsélrﬁ,the multirefer- Michel-Beyerle, M. E. Bixon, and J. Jortner, J. Am. Chem. Sd® 7279
the By ) ’ g ; (1988; (e) A. Warshel, S. Creighton, and W. W. Parson, J. Phys. Chem.
ence perturbation theories of Koslowski and David§ar 92, 2696(1989.
Hoffmanrf’ and various multistate perturbation theories and’R. J. Cave, D. V. Baxter, W. A. Goddard Ill, and J. D. Baldeschwieler, J.
coupled-cluster theorié§.While there has been no need to Sg?e&“-ghystxioisz(liie-s Chengs, 30 (199, and references cited
include extenslve treatment of electron_ co_rrelaﬂon in the therein: (b) 92, 3049 (1989; (c) M. D. Newton in Cluster Models for
cases dealt with here, the need may arise in more complexsurface and Bulk Phenomereited by G. Pacchiorit al. (Plenum, New
systems of experimental interest, and the current methods arerork, 1992; (d) M. D. Newton, J. Phys. Cher85, 30(199); () A. Broo
capable of treating these cases as well. We note in passin ”dDS-N'-affSO”kCgi’t“- PhémEl 2323(1933-% Chas, 2317(1991

. . D. Newton, K. a, and E. Zhong, J. Phys. . .
that one can use the BD method to approximately correch . 'n “jordan and M. N. Paddon-Row, J. Phys. Che6n 1188(1992:
smgle—state perturba_uon theories for the need to allow COITe- (b) K. Kim, K. D. Jordan, and M. N. Paddon-Rovibid. 98, 11 053
lation to alter the weights of the reference space coefficients, (1994.

theory?® (1993; (b) 99, 1182(1995.

) 2(g) C. Liang and M. D. Newton, J. Phys. Chef86, 2855(1992; (b) 97,
3199(1993.

VI. CONCLUSIONS 13(a) M. Braga and S. Larsson, Chem. Phys. L&tt3 217 (1993; (b) M.

Braga, A. Broo, and S. Larsson, Chem. Ph}s6 1 (1991).
We have tested and compared two methods for the cal*P. Siddarth and R. A. Marcus, J. Phys. Ch@&,.3213(1992.

15 .
culation of electronic coupling elements controlling electron (@ M- A. Ratner, J. Phys. CherB4, 4877(1990; (b) see, for example, J.
f . di p. g. d il th | 9 f l J. Regan, S. M. Risser, D. N. Beratan, and J. N. Onudhiid, 97, 13 083
transfer reactions, discussing in detail the results of applica- (1993 ang references cited therein.

tions to the Zp(H,0)" and benzene—CIl complexes. It is seeni¢r. J. Cave, M. D. Newton, K. Kumar, and M. B. Zimmt, J. Phys. Chem.
that the methods yield quite similar results for the coupling 99 17 501(1995.

elements, and agree quite well with those obtained in thé7(a) I. Shavitt, inModern Theoretical Chemistryol. 3 Methods of Elec-
limiti ' f h . tronic Structure Theory, edited by H. F. Schaefer(Hlenum, New York,
imiting case of a system where one can use an mdependentlgm p. 189:(b) D. K. W. Mok, R. Neumann, and N. C. Handy, J. Phys.
means(half the energy splitting of symmetric and antisym- Chem.100, 6225(1996.

metric statesfor evaluating the matrix element. Tests of the **(@) R. J. Cave and M. D. Newton, Chem. Phys. L249, 15(1996; (b) in
Condon approximation indicate that it holds reasonably well footnote 5 of Ref. 1@, 2 VB should be replaced with the correct

e _ expression, V28", the GMH model is an extension of the earlier two-
over a large range of structural variations, although appre state Mulliken—Hush modelRefs. 18¢)—18f)); (¢ R. S. Mulliken, J.

ciable variations oH,, with structure(including nonmono- Am. Chem. Soc64, 811 (1952; (d) R. S. Mulliken and W. B. Person,
tonic behavioy were obtained in some cases. Diabatic dipole Molecular ComplexegWiley, New York, 1969; (e) N. S. Hush, Prog.
moment matrices obtained from the BD approach demon- !norg. Chem.8, 391(1967; (f) N. S. Hush, Electrochim. Acta3, 1005

. . (1968; (9) J. R. Reimers and N. S. Hush, J. Phys. Ch@f9773(199));
strate that the magnitudes of off-diagonal elemenigp| (h) C. Creutz, M. D. Newton, and N. Sutin, J. Photochem. Photobiol. A

linking different sites are in general sufficiently small in g 47 (1994,
comparison with the corresponding adiabatic values ™(a T. Pacher, L. S. Cederbaum, and H.gfel, J. Chem. PhyS9, 7367

(<10%) to support one of the central tenets of the GMH (1988 (b) L. S. Cederbaum, J. Schirmer, and H.-D. Meyer, J. PhyB2A
thOdlB 2427 (1989; (c) T. Pacher, H. Kppel, and L. S. Cederbaum, J Chem.
method. Phys.95, 6668(1991; (d) T. Pacher, L. S. Cederbaum, and H; pfel,
Adv. Chem. Phys84, 293(1993; see also V. Sidispid. 82, 73 (1992.
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GMH diabatic states yields, in the CASSCF active space, localized natural H,O(3s2pld/2slp), the first excited state of Z0H,) shows significant
orbitals. The localized natural orbitals from one of the states may be used charge transfer charactéactive space natural orbital occupations of
directly as reference diabatic orbitals in the BD procedure, or it may be greater than 0.5 for an O-like natural orbjtabince the primary purpose
that the active spaces from two or more GMH diabatic states need to be of the water in this study is simply to break the symmetry of the two Zn
combined in order to span the set of localized orbitals required to describe atoms, we have used a minimum basis set water, in order to minimize
the system. charge transfer effects within ZnQH

27(ag In certain cases, where more than one CSF contributes significantly t8°More extensive studies, including consideration of “sigma” as well as
W %, areference diabatic state may be multiconfigurational. In these cases“pi” complexes (Refs. 1§a) and 21, and the influence of solvation on
we define¢r0 (i.e., the “projector’) as the linear combination of the the coupling H,;,) and other energetics, will be reported elsewhere, R. J.
dominant CSFs obtained at largg,,. Projection of these multiconfigu- ~, Cave, Y.-P. Liu, and M. D. Newtoffo be publisheyi

rational zeroth-order states onto the adiabatic CI vectors at a given geom- C: E- Moore, Atomic Energy Levels, Vol Il, Natl. Bur. Staritl.S) Circ

etry is performed analogously to the single-CSF cdbg;For doublets 41467 (1949'_ o

involving three half-filled orbitals there are two linearly-independent spin~ I the localized ANO pairs in the reference stat8A/CASSCF calcula-

eigenfunctions, and hence two CSFs which are included in the projector. tions carried out for z,7,=20 A (see Sec. Il A slight numerical depar-
28p_ 0. Lavdin, Adv. Quantum Chenb, 185 (1970. tures from symmetry equivalence were obtained. The listgd, s val-
29since the adiabatic states are obtained as eigenvectors of a Cl matrix, theues are accordingly obtained as mean valueBlgf andH,gy (in each

P and Q spaces are automatically orthogonal, independent of any rota- case the members of a given pair differed <y 0%).

tions done within theP space. 42J. R. Reimers and N. S. Hush, Inorg. Chim. A226, 33 (1994.

30C. F. Bender and H. F. Schaefer Ill, J. Chem. P55.4798(1977). 43M. E. Sigman and G. L. Closs, J. Phys. Ched8, 5012(1997).

31|n cases where the active space canonical molecular orbitals obtained frof(a) Other formulations similar in spirit to the BD method employed here
the nSA/CASSCF proceduréat points of high symmetry or large—A (Refs. 19 and 2Dhave been reported by Ruedenberg and co-workers

separationare adequately localized on the sites of interest, they could be (Refs. 44b)—44(d)). We thank Professor Ruedenberg for supplying us

substituted for the ANO’s and serve equally well as reference diabatic with a copy of Ref. 4&) prior to publication, and also for a number of

orbitals. helpful discussiongb) K. Ruedenberg and G. Atchity, J. Chem. P88,
32\ioLcas versions 2 and 3, K. Andersson, M. P.lgther, R. Lindh, P.-A. 3799(1993; (c) G. Atchity and K. Ruedenbergid. 99, 3790(1993; (d)

Malmgvist, J. Olsen, B. O. Roos, and A. J. Sadlej, University of Lund, K. Ruedenberg and G. Atchity, preprint.

Sweden, R. A. Blomberg and P. E. M. Siegbahn, University of Stockholm,*°L. E. Nitzsche and E. R. Davidson, J. Chem. PI88.3103(1978.

Sweden, V. KellpJ. Noga, and M. Urban, Commenus University, Slova- “°P. M. Kozlowski and E. R. Davidson, J. Chem. Phy80, 3672(1994.

kia and P.-O. Widmark, IBM, Sweden, 1991. 4’M. R. Hoffmann, Chem. Phys. Let210, 193(1993.
3. J. H. Wachters, J. Chem. Phy&2, 1033(1970. “8(@) D. Mukherjee and S. Pal, Adv. Quantum Chezfl, 292 (1989; (b) K.
34R. C. Raffenetti, J. Chem. Phy88, 4452(1973. Jankowski, J. Paldus, I. Grabowski, and K. Kowalski, J. Chem. P#s.

%GaMmEss is a general purpose electronic structure program. The original 7600(1992; (c) L. Meissner and R. J. Bartletbid. 91, 4800(1989; (d)
version of the program was assembled by M. Dupuis, D. Spangler, and J. L. Meissner, S. Kucharski, and R. J. Bartléltid. 93, 1847(1990.
J. Wendoloski. The current version is described in M. W. Schmidt, K. K. “°Use of the BD transformation of the adiabati8A/CASSCF Hamiltonian
Baldridge, J. A. Boatz, S. T. Elbert, M. S. Gordon, J. H. Jensen, S. Koseki, matrix yields diabatic states as in the present application. Once one has
N. Matsunaga, K. A. Nguyen, S. J. Shu, T. L. Windus, M. Dupuis, J. A. obtained the CASSCF diabatic Hamiltonian matrix, the diagonal Hamil-

Montgomery, J. Comput. Cheri4, 1347(1993. tonian matrix elements can be augmented with correlation energies ob-
3W. S. Benedict, N. Gailer, and E. K. Plyler, J. Chem. PH34. 1139 tained at a geometry where the diabatic states are noninterdetigg a
(1956. point of high symmetry or large distancérkediagonalization of the aug-
%7(a@) P.-O. Widmark, P.-A. Malmqvist, and B. O. Roos, Theor. Chim. Acta. mented Hamiltonian matrix yields new adiabatic states based on the above
77, 291(1990; (b) P.-O. Widmark, B. J. Persson, and B. O. Roibgj. diagonal dressing of the diabatic states. This procedure has been used to
79, 419(199). study the interaction of the low-lying triplet states of pyrazine as a func-

%When a larger atomic natural orbital basis is used for tion of bending, R. J. Cavéo be publishef
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