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Multistate Effects in Calculations of the Electronic Coupling Element for Electron Transfer
Using the Generalized Mulliken—Hush Method
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A simple diagnostic is developed for the purpose of determining when a third state must be considered to
calculate the electronic coupling element for a given pair of diabatic states within the context of the generalized
Mulliken—Hush approachCGhem. Phys. Lettl996 275 15—19). The diagnostic is formulated on the basis

of Lowdin partitioning theory. In addition, an effective 2-state GMH expression is derived for the coupling

as it is modified by the presence of the third state. Results are presented for (i) a model system involving
charge transfer from ethylene to methaniminium cation, (ii) a pair of deacceptor-substituted acridinium

ions, and (iii) (dimethylamino)benzonitrile, and the diagnostic is shown to be a useful indicator of the importance
of multistate effects. The effective 2-state GMH expression is also shown to yield excellent agreement with
the exact 3-state GMH results in most cases. For cases involving more than three interacting states a similar
diagnostic is presented and several approximations to the-tthte GMH result are explored.

Introduction treatment of long-range electron transfers. Beratan and co-
workers?® employed superexchange at a variety of levels of

The need for a detailed understanding of electron-transfer (€f) yet4j| to understand long-distance electron transfer in synthetic
processes arises in a wide variety of fields, ranging from studies 5,4 patural systend,introducing the “pathways” concept to

of photosynthesis and oxidative phosphorylation to the develop- pe|, expiain the structure-dependence of the electronic coupling
ment and refinement of molecular electronics deviceShe element. Liang and Newto¥,Curtis and Miller'6 and Jordan,
major initial theoretical advances in this area occurred via the p5qqon-Row. and co-workéfshave all used this idea to

work of Marcus; Hush; and Levich and Dogonadzeand interpret the distance dependence of the electronic coupling in
provided a framework for understanding how the medium (€.9. o del systems.

solve_nt n solytlonﬁphasr? e anolllthe strfuclture/energetfms (|\)/]; the To perform quantitative investigations of the electronic
reacting species affect the overall rate of electron transfer. More coupling element one needs a means of relating experimental

:jecen.tb_studﬁs havel produced mcreasw;gly detal]e:j (;nc’d.zlf tfr?rdata or results from quantum chemical calculations (at whatever
escribing the nuclear rearrangéments assoclated wi Cevel of sophistication one chooses to employ) to the electronic

elegyron-tfrzla:n_sfgr procezsNExampfles of Ejh_'s \llvork Imglude the coupling element, and a variety of theoretical methods have been
studies of Friedman and Newton for nondipolar solverte: proposed to calculatepa.t318-24 In symmetrical systemisipa

;/.vork OfdMat¥.usT.°V examlrgng rgolt:tculartmo?els.of the sdolva- can be obtained from the splitting of pairs of symmetric and

lon and activation processand attempts at using modern antisymmetric states, but in asymmetrical systems extracting

electronic structure theolrg/ to calculate outer- and inner-spherey ¢ om electronic structure theory calculations has been more

reorganization _e”efg'és- o ) of a challenge. Recently, one of us, in collaboration with M.
In concert with this increased sophistication concerning the Newton, has introduced the generalized Mullikétush methoth

nuclear part of the electron-transfer problem has come the ability \yhich allows accurate calculation &fos in a wide variety of

to describe the electronic portion of the problem in ever greater systems, independent of symmetry, geometrical constraints, or

detail. The early work of MC_CO””éH‘?‘”d Halpern and Org@l the number of interacting states. As its name suggests, the
highlighted the effects that intervening medium and/or ligands method is rooted in the pioneering work of Mullikérand
could have on the “electronic coupling elementipn) for Hush27-29

electron_ transfgr. In cases where the donor ar_ld acceptor are \y|liken?® and HusR™2 proposed using spectroscopic
weakly interacting, the rate of electron transfer is predicted {0 jyformation to extract the electronic coupling element from
be proportional tolHpa|?2 Since Hoa is expected to decay  charge-transfer (CT) transition spectra. The Mullikétush
approximately exponentially with distance between the donor method postulated that CT intensity arose from mixing between
and acceptor, it is critical to have a molecular description of ine giabatic initial and CT states and that this mixing was

how this coupling is mediated by intervening medium 10 goyerned by the size dfipa. The Mulliken—Hush expression
understand the behavior of long-distance electron transfers. In¢y; ihe splitting is

fact, McConnell's work, which gave rise to the concept of
“superexchange”, has been an extremely fruitful model for the
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adiabatic states in the CT transitiohE;,P is the difference in approach from a 2-state to a 3-state treatment, and (iii) present
energy between the initial and final diabatic states, AngLP a simple effective 2-state expression for the electronic coupling
is the difference in diabatic state dipole moments. Within the which is useful when a third (ar) state(s) alters the calculated
Mulliken—Hush perturbative treatment the energy splitting electronic coupling.
between the pair of diabatic states was approximated as equal The remainder of the article is organized as follows. In the
to the adiabatic splittingAE1), and the difference in dipole  next section we present a brief review of the 2-state and locally
moments between the diabatic states was approximatefbas adiabatic 3-state GMH approach. We then develop the diagnostic
whereRpa is the center-to-center distance between donor and on the basis of an application of ialin partitioning theor§?
acceptor. Later work by Creutz, Sutin, and Newfbshowed and derive the effective 2-state expression for the electronic
that in a nonperturbative formulation within a 2-state ap- coupling element in a perturbative treatment. In the third section
proximation the electronic coupling element is actually propor- we present numerical results for several model systems where
tional to the adiabatic, and not the diabatic, energy splitting. we test both the diagnostic and the approximate 2-state
In the introduction of the GMH methdglit was shown that  expression. In the final section we offer concluding remarks.
the need to separately approximate the diabatic dipole moment
difference as in these earlier variants was unnecessary, onceviethod
one had accepted the Mulliketdush definition for diabatic o ) .
states (zero transition dipole moment for states localized at FOF concreteness in discussing the 3-state result we will
different centers). One thus arrived at the 2-state generalizedconSider a model having a pair of diabatic states with the

Mulliken—Hush result: “transferring electron” localized on the dor_10r (e.g. the ground
state (GS) of the system and a locally excited (LE) state of the
donor) and a single charge-transfer state (CT), having the

E E
DA = #AE, #leA 12 — ©) “transferring electron” localized on the acceptor. The adiabatic
AulzD (Apys™ + duyy ) states are assumed to be composed of these three diabatic states,

and at large donefacceptor distances the adiabatic states

The denominator in the second equality yields a definition of Pecome equivalent to the diabatic states. Thus, at large separa-
the diabatic d|p0|e moment difference' entire|y in terms of tions the adiabatic state dlpole moments will be able to be
adiabatic quantities. grouped into two categories, except in cases of exact degeneracy.
As noted above, one advantage of the GMH method is that The first category will have a pair of states with similar values
it is able to deal with situations where more than two adiabatic for the dipole moment (correlating with the GS and LE state),
states enter into the description of the diabatic states of interestgvhile the second category will consist of a single state, with
(i.e. multistate situations). For ground-state electron transfers dipole moment value that is significantly different from either
it is often a good assumption that the pair of diabatic states of Of the other two (correlating with the CT state). The difference
interest are well-described by a pair of adiabatic states, but for between the two classes of dipole moments is expected to be
excited-state electron transfers there are certainly exampleson the order oeRoa, WhereRpa is the distance between the
where such is not the case. The question of the effects of adonor and acceptor sites in the et process. At shorter gonor
third state has been discussed by MurfelMulliken and acceptor separations it may not be simple (or even possible) to
Persor2 Bixon, Jortner, and Verhoevé Gould et al3 and assign the adiabatic states to these categories, due to potentially
Herbich and Kapturkiewic%”__’ In all of these treatments a Strong miXing of the diabatic states. NeVertheleSS, we assume
Mulliken—Hush-like perturbative treatment is used to estimate that the diabatic basis states continue to exhibit distinct classes
the electronic coupling element between the three states of0f dipole moments, corresponding to the local or charge-transfer
interest, either using specific solvent effects to shift the CT character appropriate to the given states.
state’s energy or by examining cases where excited-state mixing Given the above diabatic basis states, there are three limiting
can be estimated on the basis of changes in intensity of a locallycases that can be used to characterize the adiabatic states which
excited transition. In combination with experimental results these arise from their mixing:
formalisms have helped explain the variation in fluorescence Case 1: Each of the three adiabatic states is a strong
intensity from a CT state in terms of mixing with an LE state admixture of the three diabatic states. In this case there is no
(i.e. CT fluorescence intensity borrowing when the two diabatic simple approximation that yields accurate diabatic coupling
states are near in energy). In the context of these studies, it iselements short of the full 3-state GMH treatment. However,
in fact the variation in mixing of the LE, CT, and GS that allows since all three states yield similar dipole moments due to the
one to extract independent estimates of the electronic couplingstrong mixing, it is relatively easy to determine that a three-
elements in the system. state treatment is required in this limit. As a result, we do not
By contrast, using the 3-state (oistate in the general case) consider this case further here, and one would merely apply
GMH method one is able to extract all of the coupling elements the 3-state GMH method to the system to obtain electronic
of interest from a single calculation at a fixed geometry coupling elements.
(environment), provided one has information about the energies Case 2: Two diabatic states are strongly mixed in forming
of the states and the various adiabatic dipole moments (diagonalthe adiabatic states, while a third state only weakly interacts
and off-diagonal) in the system. However, the question arises with these two. A simple example of this type of behavior would
as to how one might easily recognize the need for a multistate arise when the diabatic LE and CT states are near one another
treatment in the context of the GMH method. That is, it may in energy but well-separated from the GS. In this limit there
be that one is focusing on the interaction of a pair of diabatic will be two classes of dipole moments, but due to the strong
states, and near degeneracy effects with a third state will bemixing for the pair of excited states it will be observed that the
present but not immediately apparent. The aim of the presentdifference in dipole moments between the two classes is
contribution is to (i) understand the origin of such multistate significantly smaller thareR>a. The diagnostic proposed here
effects in the GMH method, (ii) propose a simple diagnostic will be effective in determining whether a 3-state treatment is
for the detection of when one needs to expand the GMH required, but the effective 2-state approximationHga will
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generally work only for the weak effects of the GS on the 2-state Hgs Hgscr O
coupling element between the LE gnd CT statefs. . Eiap = Heres Her Herie (5)
Case 3: All three states are relatively weakly interacting. In 0 Hecr He

this limit the adiabatic dipole moments can be separated into

two classes, and the difference in dipole moments between statest is seen that the defining relation for the diabatic state
in separate classes will approximaa€ba. In this limit one corresponding to the CT state (within the present 3-state model)
cannot use the diagonal dipole matrix elements to determineis that it is completely decoupled from the other two diabatic
whether a multistate treatment is necessary (as was possible irstates in the diabatic dipole moment matrix (i.e. the CT diabatic
cases 1 and 2), since the dipole moments fall in the same classestateis an eigenfunction of the dipole moment matrix).

that they would at infinite doneracceptor separation. However, The 2-state GMH result is obtained by merely diagonalizing
in this limit (a) the diagnostic formulated below easily deter- the 2-state dipole moment matrix, followed by transformation
mines whether a 3-state treatment is required and (b) theof the energy matrix using the dipole eigenstates, yielding eq
effective 2-state GMH treatment is found to be quite accurate. 2.

A. Summary of GMH Results. To facilitate the development B. Diagnostic To develop a simple diagnostic, we consider
of the diagnostic and the approximate 2-state result it is useful Whether the relative contribution of a pair of adiabatic states to
to summarize the exact 2- and 3-state GMH procedures. The@ given dlab_atlc state is a_lltered significantly upon including
three diabatic basis states will be denotegs ¢ e, and ger, additional adlapatlc stqtes in the GMH .treatment..As a.concrete
and they are assumed to fulfill the locally adiabatic GMH example,_we W|Il_exam!ne |f_the coefficients qf adlabat|c states
conditions f;; = 0 if i andj are states with the transferring 1_ aq(J_I 2 in the final dlabat|c_ GS and CT diabatic states are
electron localized on different sites, ak) = 0 if i and] are significantly altered on moving from a 2-state to a 3-state

states having the transferring electron localized on the samelreatment (i.e. upon addition of the LE state). If the ratio is

site). In terms of these basis states the adiabatic states of thét!tered significantly one also would expect a significant change
system will be represented as in the electronic coupling elements obtained using the 2- and

3-state treatmenfs.
As noted above, the diabatic CT state is an eigenvector of

= + + . . . -
¢1= Cosbes T Ceadie + Ceraber the dipole moment matrix and is determined by

®2 = Ces#Pes T Cle e + Cor et M1 Mao Has)[Crer [Crcr
Upr Uy Moz ||Cocr | = #Clea Cocr (6)
3= Cos#os T ClePie T CorPer (3) Uz1 Uzp Uzsf\Cscr Cscr

In case 1 as discussed above, all three coefficients representing/sing Lowdin partitioning theor? we can convert the 3-state
a given adiabatic state in terms of the diabatic basis states areProblem to an effective 2-state problem:
expected to be of comparable size. In case 2 one would expect

Css,1>> CLg1, CetandCes, < Cigji , Cerj for i =2 or 3. Finally, Coor= (ﬂchlab — Uzd) l(:u31C1,CT +uzCocr)  (73)
for case 3 one would expects 1> Ccr1 > CLe,1, CcT2™> CLE,2,
Ces2andcig 3> Ccr3 > Cossfor the case where adiabatic state Uitz Uagiso
2 correlates with the CT state. The second inequality in the first M diab __ M1z diab __ c
and third relations for case 3 stems from the lack of direct cr Has Her Has (Cl*CT) =
coupling between the diabatic states localized on a given site. |, + H .23u31 foy T H .23u32 2.CT
On the basis of these adiabatic states the energy and (paFallel) e = gy et = pias
dipole moment matrix have the form —[C
dia 1,CT
Uct D(CZ CT) (7b)
Mg H1p Ma3 ’
Uag= |H21 M2z U2z Equations 7 are equivalent to eq 6 but represent the effects
31 U3 HUsz of the third state in a 2-state framework via eq 7b. Thus, in this
dressed, 2-state approach, the relative sizé;@frandCy cris
E,0 0 determined by the relation
E.a=|0 B2 0 4)
0 0 E Uigitzo
Cicr et ﬂCTdiab — U3
The transformation to the locally adiabatic GMH diabatic states c .=~ (8)
involves (a) diagonalization qiag and transformation oE,q 2.CT fhyy + ﬂ — eyt
with the eigenvectors of the dipole moment matrix, (b) diago- yCTd'ab— Usz

nalization of the transforme& matrix within blocks corre-

sponding to same-site states, and (c) transformation of the dipolein the limit of weak interactions (case 3 and potentially case
matrix over the same blocks. The resulting structure of the 2), we can approximatecr¥2® ~ u,, and eq 8 becomes
diabatic dipole and energy matrixes is

_ _ e Uitz
Gsdlab 0 A #GS,LEdIab Cier _ 2 Uy — s ©)
Haian = |0 //‘Cleab 0 Coer Jagke acul

diab diab Pt —————u
ULEGs 0 ULe “ " Moo — Uzs 2
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Finally, since we are dealing with charge-transfer transitions element, for example between the GS and CT states, based on
(where one expectgiiz < eRoa, except for short-range  adiabatic states 1 and 2, dressed by their interaction with a third

interactions), it is expected that state.
In the case 3 limit the interaction is relatively weak between
Uq3ihzq all three diabatic states, and we expect the adiabatic energies
M1y~ Hopp™> A (10) and diabatic diagona#l matrix elements to be similar. Thus,
we
leading to (a) use eq 7 to define the mixing coefficients of adiabatic

states 1 and 2 in forming the diabatic CT state, dressed by their
interaction with state 3,

fypt+ _Hadtsr (b) realize that with modest mixing the contribution of the
Cl,CT~ _ Uz ™ Uzs (11) LE state to adiabatic state 1 is quite small (see the steps to reach
CZ,CT= Uyg — Uop eq 5) and to a good approximation the coefficients of the

adiabatic states contributing to the diabatic GS are determined

for the effective 2-state approximation. On the other hand, the Py orthogonality to the CT state, and
actual 2-state GMH based on adiabatic states 1 and 2 (again () assume that if the mixing is small between the LE and

assuming thatic192 ~ 4,,) yields CT diabatic states in adiabatic state 2, the normalized co-
efficients of adiabatic states 1 and 2 in the expression for the
Cier Iy CT state in terms of the three adiabatic states are not
= — (12) significantly different from those that would be obtained by just
Coct M=l consideringCy cr and C,cr obtained from eq 7. We then

) o normalize the 2-state diabatic CT state on the basis of this
By comparison of egs 11 and 12 it is apparent that the Z'Stateapproximation (i.e. in case Gycris close to 1).

treatment is adequate (i.€1,c/Cz.cris unchanged by addition The above assumptions are equivalent to performing a dressed
of a third state) whenever 2-state GMH treatment using the adiabatic matrixes
Mgtz Hialtsy Ha3itsp
22 MU33 ﬂ11+lu —u 'u12+ﬂ —u
2% o<1 (13) Uy = 227 U3z 22 Us3
U2 a

Uagltsy n Uzl

Uy T ) Loy — U
o thus becomes a diagnostic for the onset of multistate effects, S 2 s
which are expected to be negligible whép| is much less than
unity. One sees that inclusion of a third state will be important and
either whenuys is large (large transition dipole connecting the
GS-like and LE-like adiabatic states) or when states 2 and 3 E = (El 0 ) (15)
are strong mixtures of the CT and LE states (leading to large ad 0 B

us2 and/or small diagonal dipole moment difference between

states 2 and 3). In the case 3 limit the mixing between diabatic Using these expressions for the adiabatic dipole and energy
states is modest, thus eq 13 will tend to be violated only when matrixes, along with eq 2 above yields

there is a large transition dipole moment between adiabatic states

localized on the same site. Obviously, cases 1 and 2 are MlzdressegElZ #lzdressemzl2
situations where one can violate eq 13 due to large mixing, but Hgg cr= D drossed — p— p——1
whatever the case, eq 13 functions to indicate the presence of Apyp™ ((Auy, )’ + 4y, 3)
multistate effects® (16)

On the basis of the discussion above, it is relatively easy to o . ,
generalize the above diagnostic to thetate result. In this case, Where the superscript “dressed” indicates use of the dipole

the dressed off-diagonal element between sitsdj (j being ~ Moment matrix elements of eq 15 in evaluating the GMH
the CT-like adiabatic state) takes the form expression rather than the “bare” dipole matrix elements. In

terms of the adiabatic quantities one obtains

ﬂi,jz stele= HUij +#i,n—2(ﬂj| ~ Un-2n-2) lﬂn—z,j (14) H _
Gs.cT
In complete analogy with the 3-state case, one expects sub- e Cac 7 PN
stantial effects due to the additional— 2 states ify; ;2 state TN e
differs significantly fromu;;. (Note thatl is the unit matrix, A2 Nz 17
Uin—2 IS @ row vector, ang,—2n—2 is then — 2 x n — 2 square Uy — U Haz ™ Moz + 4|y, + s
dipole moment matrix for the additional states.) 1 22 Upp — Uz 12 Upp — Uzz

C. Effective 2-State Result The above diagnostic can be

applied in cases-13, and where eq 13 (or the analogue based while eq 17 can be used as written, it is simpler (and within
on eq 14) is not satisfied it signals the need te as3 ()-state the spirit of the approximations made in arriving at eq 17) to
GMH treatment. In cases 1 and 2 there is, in general, no further expand about the point

approximation that can be made to obtain the electronic coupling

element between a given pair of diabatic states, other than the 2_ 2

full 3 (n)-state GMH treatment. In case 3, however, one can _Hadlaz e=0 ME 5=0 (18)
develop a simple perturbative approximation to the coupling HUap ™ Us3 gy — Uszs
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to first order (i.e., expanding about the bare, 2-state GMH result), TABLE 1: Excitation Energies and Dipole Moment Matrix

yielding for the Four States of Interest in Ethylene+
Methaniminium
H dressed_ || bare | property GS CT LE1 LE2
GS.CT — Hgscr

2 AE (eV)° 6.142 7.805 9.049

AE|€ - Az ettty — U0 19 1 (D) 13.922 0213 —4.443  —1.408

12 3 3 (19) ~18.238  —1554 0.973

a a 12.206 5.135

8.109

are _ — 2

ZVhleel’jsls'CPh is the ési_tat_e GMH result ar:ui . (ﬁﬂlz : a Details concerning basis sets and wave functions are presented in

112 _) - In the case 3 limit we expeqli> < o; thus, the 0 Ragiits sectior.Excitation energies relative to the GS, at the
dominant term in parentheses in eq 19, and the principal geometry discussed in the Results sectioFhe upper right triangle
correction to the undressed electronic coupling element, shouldof the 4 x 4 matrix of thez component of the dipole moment operator.
be AE;(e/a). When this term grows large relative kg s o2 The origin for property evaluation was between ethylene and metha-
(consistent with eq 13 no longer being satisfied, given the niminium, along the line containing the-<C and N-C bond, 2.562 A
definitions of Hes cP¥®ande), a significant correction to the from the central ethylene C and 2.438 A from the N of MI. While the

. - ; : : . choice of origin has no effect on dipole mometifferencesit does
eIe_ctron_lc coupling eI_ement IS expec_te(_j by inclusion of the thl_rd affect the dia%onal elements of the d?pole moment matrixsin a charged
adiabatic state, and in the case 3 limit the corrected coupling gystem.
element is given to a good approximation by eq 19. Generaliza-
tions of the effective 2-state result to treat more than three TABLE 2: Electronic Coupling Elements within the 3-State
interacting adiabatic states are presented and tested in thespace of GS, CT, and LE1 at Various Levels of

o 2, ~
following section. Approximation

2-state effective 3-state
Results states ~ GMHP statedp® 2-state GMM ~ GMH®
. . . . - GS,CT 0.0407 LE1+1.065 —0.0019 —0.0026
In this section we apply the above diagnostic and effective LEL, CT 00844 GS/0.019 0.0845 0.0845

2-state approximation to (a) a model system involving electron _ _ _ ]
transfer between ethylene and methaniminium (MI) cation, (b) _*All values ofHp, are in eV.> Equation 2 Equation 13¢ Equation
charge-shift reactions (CSH) in a pair of substituted acridiniums 19. “Equation 5.
that have been studied by Jones ef&t%and (c) calculation In Table 1 we present the matrix of tke&component of the
of the electronic coupling element in twisted (dimethylamino)- dipole moment operator (the only nonzero component, given
benzonitrile (DMABN). Due to the simplicity of the ethylene the above geometry) over these four states and the excitation
+ methaniminium system we examine various features of the energies to the three excited states. The diagonal elements of
diagnostic and 2-state approximation in detail. the dipole moment matrix can be classified easily according to
(a) Ethylene and Methaniminium Cation. This system whether they are CT-like in character or LE-like: only the first
represents a simple, computationally tractable model for the excited state (labeled CT) exhibits a dipole moment markedly
study of charge shift transitior$8:4° Our main interest in this  different from that of the ground state. This set of states falls
study was not to obtain chemical accuracy for excitation energieswithin case 3, as discussed above. If one imagined that charge
and properties; rather, our purpose was to generate a manifoldtransfer corresponded to a single electron transferring from the
of states in which to apply the above diagnostic and effective bond midpoint of ethylene to the bond midpoint of MI, the
2-state approach. Thus, the small basis and simplified methoddipole moment difference would be approximately 30 D
for excited states do not represent a limitation, given their (eARpp= 4.803x 6.2A), so it is clear that the mixing is weak
intended use. between the CT state and the GS or LE states. In terms of
In the calculations presented below the following geometry energetics, while the ground state is well-separated from the
was adopted: (a) Ethylene and MI were coplanar, with the excited states, the three excited states fall withia B eVrange.
N-end of MI nearest ethylene and the-l8 and G-C bonds Thus, neither on the basis of energy nor dipole moment
collinear (we take this line to be theaxis in the system). (b)  differences can one easily determine whether significant mixing
The ethylene geometry was the experimental ground-statebetween diabatic states has occurred that might alter, for
geometry of Allen et at! (c) The MI geometr§? was obtained example, the GSCT electronic coupling element. However,
from an optimization of Ml in the 6-31G** basi%at the MP2 the above diagnostic and effective 2-state model allow one to
level of theory** All calculations were performed using the answer this question.
Gaussian 98 prografi The nearest ethylene-C to MI-N distance We first consider the 3-state manifold of the GS, CT state,
was chosen to be 5 A. The 6-3G basié® was used for the and the LE1 state, the GMH results for which are shown in
excited-state calculations, which allows for some diffuse Table 2. It is seen that the 2-state GMH results (based on eq 2)
character in the excited states. yield results in good agreement with the three-state result for
Excited states were obtained using the CIS meffi@kcited- the LE, CT pair but in poor agreement for the GS, CT pair.
state dipole moments were calculated using the 1-particle densityThe diagnostic (eq 13) indicates that one should expect this,
for the CIS wave function of intere4t.In the results presented yielding a value of slightly less than 0.02 for the effects of the
below, we consider at most four states (all singlet states), GS on the LE, CT coupling element, whereas the effect of the
comprising the ground state and three> 7* states. The lowest ~ LE1 state on the GS, CT pair yields a diagnostic value near
excited state is the charge-transfer stafeih)— 7*(Ml)), with —1. The size and sign of the diagnostic for the effects of the
the next two states being locally excited states on ethylene (theLE1 state on the GS, CT coupling element suggest that inclusion
second excited state being more valencelike, while the third of the effects of the LE1 state on the GS, CT pair will
excited state is more diffuse in character). We label the four significantly reduce the GS, CT coupling element, and that is
states, in order of increasing energy, as GS, CT, LE1, and LE2 observed in the full 3-state GMH calculation. On the other hand
(locally excited states 1 and 2, respectively). the small value of the diagnostic for the GS effects on the LE1,
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TABLE 3: Electronic Coupling Elements within the 3-State element. In the case of the GS, CT coupling element, it is seen
Space of CT, LE1, and LE2 at Various Levels of that only the first correction term in eq 18E;x(e/a)) makes
Approximation any significant contribution to the overall coupling element. The
2-state effective 3-state first term arises from the effects of dressing on the transition
states  GMHP statelo®  2-state GMM  GMH® dipole moment, rather than on the diagonal dipole matrix
LEL1, CT 0.0844  LE2/0.122 0.0972 0.0980  elements (third correction term), and for modest mixing of the
LE2,CT —-0.1070 LE1/0.269 —0.1389 —0.1388 diabatic states should be significantly larger than the second
a All values ofHos are in eV.? Equation 2 Equation 139 Equation correction term. In the LE1, CT case, it is seen that the first
19. ¢ Equation 5. correction term is itself quite small and thus of comparable size

to the third term (the third term is only of this size due to the
CT coupling element suggests that the 2-state and 3-state GMHrelatively large transition dipole moment connecting the LE1
results should be quite similar, as they are. It is also seen thatand CT states, thus ensuring that the correction is small relative
the use of the effective 2-state model (eq 19) yields quite good to the bare coupling element for well-separated donor and
agreement with the full 3-state values. acceptor centers).

The physical reasons for this behavior are reasonably easy As an example that considers multistate interactions beyond
to understand. Because of the nearness in energy of the LE1the 3-state case, we consider the full 4-state manifold of Table
and CT diabatic states, one expects a nonzero contribution ofl. In Table 5 we present the analogous diagnostic for the effects
each to the adiabatic CT state. Since there is a large transitionof the two extra states on thiecoupling element (i.e. the ratio
dipole moment connecting the diabatic LE1 state and GS, Of uin—2ujl — tn-2n-2)"un-2; t0 uij, wherej = CT in each
mixing of LE1 into the CT adiabatic state will tend to artificially ~ case). By comparison with the diagnostic results of Tables 2
raise the transition dipole moment connecting the CT-like and and 3, where the effects of only one additional state were
GS-like adiabatic states, relative to that arising from mixing of considered, it is seen that the addition of the fourth state yields
the GS and CT diabatic states (which arises from Mulliken —only a modest change relative to tleeger of the diagnositics
Hush charge-transfer effects). This mixing of the LE1 state into for the given pair of states from Tables 2 and 3. To confirm
the CT-like adiabatic state is the same behavior that gives risethis, in Table 6 we present the results for the electronic coupling
to intensity borrowing in fluorescence spectra and has beenelements on the basis of the full 4-state manifold of Table 1
discussed and utilized by Gould et al. in their treatment of using the locally adiabatic GMH in the 4-state space (denoted
contact ion pairg* In terms of the dipole matrix elements in  full 4-state GMH) and a variety of approximate treatments (see
Table 1, the large dressing arises from the product of below). The full 4-state results are not markedly different from
Ucs,LEULELCT IN the numerator of the dressing term, and this the full 3-state results of Tables 2 and 3, except perhaps for the
turns out to be sufficiently large to yield a correction comparable GS, CT coupling element, which is of the same magnitude as
in magnitude to the direct GS, CT adiabatic transition dipole obtained in Table 2 but has changed sign. (While the relative
moment. On the other hand, the GS effects on the LE1, CT signs of the coupling elements are not observables for this
coupling element are much smaller, due to the greater energysystem, the present analysis shows there are destructive interfer-
difference between the GS and CT diabatic states and theence effects contributing to this coupling element, hence the
somewhat smaller spatial extent of the GS relative to the LE indication of a sign change in this case.)
state, leading to the MH-like contribution being the dominant  In the spirit of eq 19, for the 3-state case, we tested several
term in this case. In terms of the dipole moment matrix elements, approximate 4-state treatments. In all of the equations below

in this case the numerator of the dressing terma is cgics.ct the subscripts andj refer to adiabatic quantities. In order of
and this product is significantly smaller than the comparable complexity they are the following:
term for LE1 effects on the GS, CT pair. (i) The “effective 2-state GMH/diagonal” result is first. In

A similar analysis can be done on the CT, LE1, and LE2 this case we calculate;;j@*s*®dusing only the inverse of the
states, and the results are shown in Table 3. The pairwise 2-staténatrix formed from the diagonal elements of the matrix ¢
GMH results are in reasonable agreement with the full 3-state in-2n-2). That is we takeu; 4= y;; + uin-o((l —
results, as one would expect on the basis of the diagnostic valuesn-2n-2)diag ~4n—2j. Furthermore, we neglect any effects of the
suggesting not much more than a 25% change in the CT, LE2 additional states on the denominator of the 2-state GMH resullt,
coupling upon dressing by the interaction with LE1. Again, the leading to an estimate of the 2-state element as
dressed 2-state coupling elements (eq 19) are in excellent

agreement with the results from the full 3-state treatment. U; dressedy =

. . . . dresse _ D] 1)
Equation 19 contains three first-order correction terms to the (H;; fdiag = > 12

“bare” Hpa. In practice we have found that, for systems (Aﬂi,j +4ﬂi,i)

satisfying the criteria sufficient to demand utilization of eq 19,

it is usually the first correction term that makes a significant  (ii) The “cumulative 2-state GMH result” is next, where one
contribution. This is illustrated in Table 4, using the GS, CT, performs two separate effective 2-state calculations on the basis
and LEL1 states, as in Table 2. Thus, in Table 4 we present theof 3-state spaces (using eq 19) and adds the corrections for two
“bare” Hpa and the values of the three successive terms, distinct additional states, yielding an overall estimate of the
followed by the complete effective 2-state value of the coupling dressed coupling element. This approach includes the effects

TABLE 4: Comparison of Contributions to the Effective 2-State Coupling Element$

states |( j) Hi,jbare AEIJ(G/(X) _AEIJ(4//{|JZG/(13) —AEL](IMLJ(M” - /LJJ)(S/O?) Hiyjdressed
GS,CT 0.040 68 —0.043 31 0.000 007 6 0.000 720 0.0019
LE1, CT 0.084 40 0.001 60 0.000 016 5 0.001 680 0.0845

a Results for the same data used in Table 2. All values in eV. In this,tidesubscripts andj correspond to the diabatic states of interest, while
the subscript$ andJ denote the adiabatic states that correlate with the pair of diabatic states.
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TABLE 5: Diagnostic for Multistate Effects on the
Electronic Coupling Element in the 4-State Manifold of
Table 1

interacting states

additional states/

GS,CT LE1, LE2+0.919
LE1, CT GS, LE2/0.109
LE2,CT GS, LE1/0.269

a Diagnostic based on eq 4.

of the effective 2-state GMH/diagonal approach and also
approximately includes effects due to modification of the
denominator terms.

(i) The “effective 2-state GMH" approach is the most
complex. In this case we calculatg®ssedusing the inverse of
the full matrix @l — un-2n-2). That is,we take; jdressed= y;;
+ pin—2(ujl — pn—2n-2)"un—2j. As in the diagonal approach,
we neglect any effects of the additional states on the denomina-
tor of the 2-state GMH result, leading to an estimate of the
2-state element as

ﬂi,jdresse%Ei ;

H. dressed
( i jdlag (Aﬂi,j2+4ﬂi,j2)l/2

On the basis of the results presented in Table 6, it is seen
that all three methods are of similar accuracy in reproducing
the full 4-state GMH results. The effective 2-state GMH method
is slightly better at approximating the GS, CT coupling element,
because the use of the full inverse matrix allows for more
complete treatment of interference effects between the contribu-
tions of the two external states. However, any one of the three
approximations yields quite adequate estimates of the full 4-state
GMH results, and any one would be a reasonable indicator of

the size of the electronic coupling element. Once one proceeds

beyond the 4-state case, it is likely that only the effective 2-state
GMH/diagonal or the cumulative 2-state GMH approaches are
easily applied, but in the event that more than 2 external states
are considered important, it is probably better to applyntseate
locally adiabatic GMH treatment, which will properly treat any
interference effects that might arise.

Equation 19 above is similar to results obtained in work of
Gould et al 34 Bixon et al.33 and Herbich and Kapturkiewicz.

Rust et al.

A difference between these approaches and our treatment
arises because in all of these previous studies specific variation
of system parameters was required to extract the couplings, and
the presence of multistate effects was already apparent, based
on the radiative rate behavior. On the other hand, using the GMH
one can compute the electronic coupling for the states of interest
at a fixed set of nuclear coordinates and determine, at that point,
whether additional states are important in determining the
coupling (i.e. using eq 13). The ability to do so without variation
of system energy parameters is provided, within the context of
the GMH, by the CFLE state transition dipoles (see above).
Thus, while our perturbative expression relating the adiabatic
transition dipole moment to the 2-state electronic coupling
element is formally similar to these previous studies (as it must
be, given the fact that the observed effects are all rooted in an
intensity borrowing mechanism), our method of obtaining the
relation from energetic quantities is distinct from that of previous
results and allows us to develop the diagnositic for the
importance of multistate effects. The two methods are in fact,
quite complementary, since from an experimental point of view
it may be significantly easier to study the variation of intensity
with solvent than to extract transition dipole moments involving
excited states, as is required in the GMH method outlined above.
Computationally, however, such transition dipole information
is readily available, and the present results not only provide a
means for detecting the need for a multistate treatment but also
yield an accurate method for the correction of a 2-state result
when such effects are important.

However, one can use the ideas developed in the work of
Gould et a* and Bixon et aP to consider ways to minimize
the multistate effects in the present system or related systems.
If the multistate effects arise from weak mixing of the LE1 and
CT states, due to near-degeneracy, a perturbation that shifts the
states further out of resonance should decrease these effects. In
fact, if they are moved sufficiently out of resonance, one should
move to a situation where only a 2-state treatment is required.
We have performed a test of this hypothesis by adding external
charges, with values$-2e at 10 A from the C of Ml ane-2e at
10 A from the outer C on ethylene. By so doing, we can stabilize
the CT state relative to the ground state and expect that the

In these studies the authors were interested in understandingeXcitation energies from the GS to the LE states should be
the solvent and substituent dependence of the radiative rates ofminimally affected. In these calculations we also modified the

a CT transition in terms of intensity borrowing by the CT state
from a nearby LE state. Thus the fundamental quantity of
interest is the adiabatic GET transition dipole moment in
their studies. Using MullikerHush-like arguments they express
this transition dipole moment in terms of contributions from
the LE and CT states. Their results for the relation between the
adiabatic GSCT transition dipole moment and a given
electronic coupling element can be related to eq 19 abbve.
By fits of the radiative rates vs emission wavelength (with input
concerning the LE intensity) these studies were able to extract
one or more of the relevant electronic coupling elements for
the systems of interest, as well as provide a quantitative
explanation for the variation in radiative rates with solvent or
substitution.

basis set to be the 6-31G* basis, since in the -8lbasis the
LE1 state polarizes dramatically with charges present. The
relative energies and dipole moments, with and without charges
present, are shown in Table 7. The addition of the external
charges has a large effect on the energy of the CT state, dropping
it relative to the GS by almost 1.7 eV. The values of the dipole
and transition dipole moments with and without charges present
are quite similar, with the exception of the €ELE transition
dipole moment, which, by eq 13, suggests a diminution of the
effects of the LE state on the GET coupling element. The
results of Table 8 support this idea, showing that while the-GS
CT 3-state coupling elements are the same with and without
charges, it is only in the charged case, where the CT and LE
states are relatively far apart in energy, that the 2-state result is

TABLE 6: Electronic Coupling Elements within the 4-State Space of GS, CT, LE1, and LE2 at Various Levels of

Approximation @

states 2-state GMH  effective 2-state GMH/diagorfal  effective 2-state GMH  cumulative 2-state GMH  4-state GMH
GS, CT 0.0407 0.0073 0.0033 0.0081 0.0037
LE1, CT 0.0844 0.0931 0.0936 0.0974 0.0978
LE2, CT —0.1070 —0.1369 —0.1359 —0.1402 —0.1388

aResults based on data of Table 1; all values in eRquation 2.° See

Results for definition§.Equation 5.
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TABLE 7: Energies and Dipole Moments for Ethylene and
Methaniminium at 5 A, in the 6-31G* Basis, with and
without External Charges?

charges property GS CT LE1
no AE (eV)° 6.454 8.540
u (D)° 13.9241 0.015 —4.574
—17.9159 —0.042
14.2200
yes AE (eV)° 4.4581 8.556
u (D)° 12.9798 0.016 —4.575
—18.625 —0.022
13.552

aDetails concerning basis sets, wave functions, and charges are
presented in the ResultsExcitation energies relative to the GS, at
the geometry discussed in the ResultSee Table 1 for details.

Figure 1. Apac (a) and Abpac (b).

TABLE 9: Energies and Dipole Moments for Apac, Based

TABLE 8: Comparison of 2-State and 3-State Results for on INDO/S SCI Calculations?

Ethylene and Methaniminium Cation with and without property GS CT LE1
External Charges’ AE (eVy 2.654 3.447
2-state effective 3-state u (D)° 0.00 5.547 2.495
charges states GMH® statelp? 2-state GMH GMH' 14.936 —5.300
no  GS,CT 00030 LEX040 00019  0.0019 —0.553
no LE1, CT 0.0027 GSf0.05 0.0026 0.0026 a Details concerning geometry and method are presented in the
yes GS,CT  0.0023 LE#/0.2 0.0019 0.0019 Results? Excitation energies relative to the GS, at the geometry
yes LEL, CT 0.0028 GS/0.1 0.0026 0.0026  discussed in the ResultsThe upper right triangle of the 8 3 matrix

of the dipole moment matrix, projected on the average charge-transfer
direction?> Diagonal elements are all relative to the ground-state dipole
moment.

@ Results obtained in 6-31G* basis set. Geometry identical to that
used in results of Table 2.Indicates whether external charges were
included © Equation 2.4 Equation 13¢ Equation 19 Equation 5.

. . . TABLE 10: Electronic Coupling Elements for Apac within
a good approximation to the full 3-state result. It is also the 3-State Space of GS, CT, and LE1, Based on INDO/S
important to note that the 3-state GST coupling elementis  SCI Calculations at Various Levels of Approximatior?

in reasonable agreement with that obtained from the 4-state 2.-state effective 3-state
results in the 6-3+G basis at this geometry (Table 6). This states GMHP statedp® 2-state GMH ~ GMHe
might be expected, given that the GS and CT state are Gg c7 0791  LEH0.154 0.664 0.673
valencelike and, thus, their descriptions will be only slightly g1, cT 0.224 GS£0.175 0.181 0.191

modified by the presence or absence of diffuse functions.
However, the 2-state GSCT coupling elements are quite
different in the two basis sets, and the similarity of the 3-state
results points to the ability of the GMH approach to properly TABLE 11: Energies and Dipole Moments for Abpac, Based
account for (and remove) multistate effects when properly on INDO/S SCI Calculations!

a All values ofHpa are in eV.P Equation 2 ¢ Equation 139 Equation
19. ¢ Equation 5.

applied. In the event that one wishes to avoid treatments using  property GS CT LE1

greater than two states, the results of Table 8 show that external™ g (eVy 2572 3.415
perturbations can be used to separate the pair of states of interest  ,, (D)e 0.00 —2.885 —3.993
from the remaining states and then perform a 2-state GMH 26.703 —5.346
treatment. Of course, the need to achieve exact resonance (or 0.391

minimization of the energy splitting) is not required, since the 2 petails concerning geometry and method are presented in the
external perturbation is only applied to remamitber states from Results? Excitation energies relative to the GS, at the geometry

consideration, while the electronic coupling is calculated using discussed in the ResultsThe upper right triangle of the 8 3 matrix

the GMH method. of the dipole moment matrix, projected on the average charge-transfer
. e direction?® Diagonal elements are all relative to the ground-state dipole
(b) Substituted Acridiniums. Two donor-acceptor 9-aryl- 1 \oment. g 9 P

acridinium ions are considered here, Apac (9-(aminophenyl)-

10-methylacridinium) and Abpac (9-(aminobiphenyl)-10-me-  Excited-state energies and dipole moments were obtained
thylacridinium)) (see Figure 1; each carries a charge-j. using the INDO/S SCI method of Zerner et@For Apac we
Compounds of this type have been studied because, uponincluded single excitations from the highest 31 occupied MOs
photexcitation, they exhibit a very fast transition from a locally into the lowest 31 virtual MOs, and for Abpac we included
excited acridinum to a charge-shift species (CSH) and solvent- single excitations from the highest 35 occupied MOs into the
dependent rates for charge recombinafi®tf. Equilibrium lowest 28 virtual MOs. The three lowest singlet states of the
geometries were obtained using RHF wave functions in the system, in order of increasing energy, are GS, CSH, and LE1
3-21G basis (see Supporting Information for geometries). In (the state characters are easily deduced from the respective
the equilibrium geometries for Apac the angle between the adiabatic dipole moments).

acridinium and phenyl rings is nearly 9Q0eading to quite small In Tables 9 and 11 we present excitation energies and the
electronic coupling elements. We have thus performed a rigid projected dipole moment matrix for Apac and Apbac, respec-
rotation about this bond (to an angle of approximatel§) 36r tively, for the three states of interest. The electronic coupling
the calculations in Tables 9 and 10. For Abpac the optimized elements based on these data are presented in Tables 10 and 12
acridinium—phenyl dihedral angle is approximately °7é&nd (Apac and Abpac, respectively), and in each system the
we have thus used the equilibrium geometry in our calculations. diagnostic predicts a modest change in either coupling element
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TABLE 12: Electronic Coupling Elements for Abpac within TABLE 13: Energies and Dipole Moments for DMABN,
the 3-State Space of GS, CT, and LE1, Based on INDO/S Based on INDO/S SCI Calculation3
SCI Calculations at Various Levels of Approximatior? Draperty GS oA 1B 3A
2-state effective 3-state
AE (eV) 4.250 4.397 5.016
b -
states GMH statedp® 2-state GMM  GMH® 4 (D)° 5372 2576 0342 4.023
GS, CT 0.269 LE}+0.284 0.191 0.193 15.213 1.130 2.263
LE1, CT 0.159 GS#0.080 0.149 0.150 6.008 0.1185
7.321

a All values ofHpa are in eV.? Equation 2.¢ Equation 13¢ Equation
19. ¢ Equation 5. aDetails concerning geometry and method are presented in the
Results? Excitation energies relative to the GS, at the geometry
due to the addition of the third state. This is shown to be the discussed in the ResultsThe upper right triangle of the 4 4 matrix
case in comparing the 2- and 3-state GMH results. It is also Of the z component of the dipole moment operator, projected on the
seen that the effective 2-state GMH result is in fairly good average charge-transfer directfén.
agreement with the full 3-state results. TABLE 14: Electronic Coupling Elements for DMABN

(c) (Dimethylamino)benzonitrile. (Dimethylamino)benzo-  within 3-State Spaces Selected from the Manifold of GS, 2A,
nitrile has been extensively studied as a molecule that exhibits 1B, and 3A, Based on INDO/S SCI Calculatiorns

twisted intramolecular charge-transfer behavioP? In polar pair of 2-state effective  3-state
solvent dual fluorescence is obsenvéd? and a variety of states GMHP  statelp® 2-state GMH GMHe
theorgtical st.udies have appeared seeking to characterize thebs' 2A. 1B GS,2A 0892 1B/0.018 0.896 0.890
low-lying excited states of the systé¥23 The states that have 2A,1B 0.0176 GS/0.070 0.0178 0.0182
generally been considered in previous studies are the GS, aGS, 2A, 3A GS,2A 0.892  3Af0.507 0.624 0.577
locally excited state (designated 1B), and the charge-transfer 2A,3A 0191 GSf0411 0.152 0.146
state (designated 2A, having the same symmetry as the GS).2A 1B, 3A 2A, 1B 0.0176  3A/0.030 0.0169  0.0179
The geometry we consider possesses no symmetry, but we still 2A,3A 0.191  1B/0.006 0.189 0.187
retain the symmetry labels fro@, symmetry, to indicate the 2 All values ofHpa are in V. Equation 2. Equation 13¢ Equation

parentage of the state. In the calculations below we treat thesel®- ° Equation 5.

states and a fourth state (designated 3A). An intergsting featureTABLE 15: Electronic Coupling Elements within the 4-State
of this model, compared to the other models considered above,space of GS, 2A, 1B, and 3A for DMABN at Various Levels
is that the CT distance is relatively small, while the transition of Approximation?

dipole moments are sizable. As a result, we find that the effective 110 2-state GMH cumulative 2-state GMH  4-state GMH
2-state GMH results are somewhat less accurate, and the

diagnostic tends to overestimate the size of the effects of mixing. SAS\ 122 8 '33726 8'85?1 8'8?99
However, this is a somewhat extreme case (CT distances ona’ 35 0.191 0.150 0.142
the order of only 2.5 A), and it will be seen that the results are
still semiquantitative.

An equilibrium geometry for the molecule was obtained from
an AM1 calculatiof* (the dimethylamino group shows modest strongly sensitive (within a factor of 2 or better) to theoretical
nonplanarity with the ring, as has been observed previé)sly = methods near this geomef§.

A rigid rotation of 75 was performed about the phemdmino The results of 2-state, effective 2-state, and 3-state GMH
group bond, and it is this geometry (see Supporting Information) calculations picking the CT state and any pair of non-CT states
for which results are presented below. Only close to a twist are presented in Table 14. Using the diagnostic developed above,
angle of 90 can the CT diabatic state be considered weakly the 1B state is predicted to have little effect on the electronic
interacting with the other diabatic states considered here. We coupling elements involving the 2A and GS/3A states, and this
have chosen the 73wist geometry as an intermediate point, is indeed the case. The diagnostic does predict a significant
where sizable coupling elements are observed along with effect of the GS on the 2A3A coupling and the 3A state on
significant state mixing. Since our interest in the present casethe 2A—GS coupling, and this is observed in the full 3-state
is to use DMABN as a model for testing the above diagnostic calculations. The effective 2-state results compare reasonably
and effective 2-state model in a strongly interacting system, we well with the 3-state results, but the agreement is not as good
have not performed exhaustive calculations as a function of as in the results presented above for the other model systems.
geometry. However, some smaller angles have been treated (i.eUsing these effective 2-state results we have also calculated
closer to the ground-state equilibrium geometry) and aside from cumulative 2-state results to approximate the full 4-state GMH
points where two states nearly cross (where adiabatic dipoleresults (Table 15). The cumulative 2-state results, while not in
moment differences become small) results similar to those exact agreement with the full 4-state results, nevertheless capture
discussed below were obtained. the essence of the effects of the additional states.

Excitation energies and dipole moment matrix elements were DMABN represents a relatively extreme test case for the
obtained from INDO/S SCI calculations using all virtual orbitals diagnostic and the effective 2-state result due to the proximity
and the 11 highest occupied MOs. The results of these of the donor and acceptor sites, coupled with their strong
calculations are shown in Table 13. The diagonal dipole moment interaction. As a result, there are several factors responsible for
differences are seen to be at most about 10 D and, thus, ofthe somewhat greater inaccuracy of the effective 2-state results
magnitude similar to the largest of the transition dipole moments. for DMABN than the other model systems studied here. First,
Our results for dipole moment differences and excitation with the relatively small adiabatic dipole moment differences
energies are similar to those obtained in other studies of gas-and large transition dipole moments in DMABN, somewhat
phase DMABN3253 except that our 2A state is approximately larger errors are made by assumingr = w2, This error
0.3 eV higher in energy. Exploratory studies using 2-state manifests itself in the definition of andd in eq 19 and will
models for DMABN suggest that the coupling elements are not tend to exaggerate their contributions. In addition, in DMABN

2 Results based on data of Table 13; all values in&&quation 2.
¢ See Results for definition§.Equation 5.
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at this geometry the corrections duectando are of opposite

sign. This leads to the diagnostic tending to overestimate the

effects of an additional state and larger errors in the effective
2-state GMH method when the errors in thend 6 are not
equal®® Our experience has been that, for greater CT distances
the contribution from the) term decreases significantly, and
thus, there is only a single dominant correction coming from
the firste term. Generally one will deal with somewhat larger
CT distances than in the DMABN case (donor and acceptor

separated by at least a single atom), and under these conditions

J. Phys. Chem. A, Vol. 106, No. 15, 2002939
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the diagnostic and the effective 2-state method are expected t0;9gq 14, 363 and references cited therein.

perform quite well.

Conclusions

The results above show that significant multistate effects can
arise in estimating the electronic coupling element using the
GMH approach. These effects are in fact similar to those

discussed by a number of other workers in their studies of 3-state
systems, where they varied the relative energies of the diabatic

states (using solvent) to extract individual coupling elements.
The physical basis for these effects is similar to that which gives
rise to intensity borrowing in fluorescence spectra. The diag-

(20) Stuchebrukhov, A. AChem. Phys. Letfl994 225 55.

(21) Stuchebrukhov, A. AJ. Chem. Phys1998 108 8499.

(22) Larsson, SJ. Phys. Chem1984 88, 1321.
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111, 7818.

(24) Cave, R. J.; Baxter, D. V.; Goddard, W. A, lll; Baldeschwieler, J.
D. J. Chem. Phys1987, 87, 926.

(25) Cave, R. J.; Newton, M. OChem. Phys. Lett1996 249, 15.

(26) Mulliken, R. S.J. Am. Chem. So0d.952 811.

(27) Hush, N. SProg. Inorg. Chem1967, 8, 391.

(28) Hush, N. SElectrochim. Actal968 13, 1005.

(29) Reimers, J. R.; Hush, N. 8. Phys. Chem1991, 95, 9773.

(30) Creutz, C.; Newton, M. D.; Sutin, Nl. Photochem. Photobiol. A
1994 82, 47.

(31) Murrell, J. N.J. Am. Chem. S0d.959 81, 5037.

nostic developed above allows one to assess when these (32) Mulliken, R. S.; Person, W. B. INolecular Complexes: A Lecture

multistate effects will be important, even for cases where the
states are well-localized. Furthermore, in the limit of localized

initial and final states, we have developed an effective 2-state

approximation to the fulln-state GMH result that is quite
accurate and simple to apply. The diagnostic and effective

2-state results were applied to several model system and

generally yielded excellent results both for the determination
of when multistate effects are important and for the estimation
of the full n-state coupling element.

Acknowledgment. Financial support of this research was
provided by the National Science Foundation (Grant CHE-
9731634) and the donors of the Petroleum Research Fund
administered by the American Chemical Society. The computa-
tions were performed at the Harvey Mudd Computational
Chemistry Facility, the establishment of which was made
possible by a grant from the National Science Foundation (CHE-
9512467).

Supporting Information Available: Equilibrium geometries
obtained using RHF wavefunctions in the 3-21 G basis. This
material is available free of charge via the Internet at http:/
pubs.acs.org.

References and Notes

(1) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 265 811.
(2) Newton, M. D.; Cave, R. J. IMolecular ElectronicsRatner, M.
A., Jortner, J., Eds.; IUPAC: London, 1996); p 73.
(3) Marcus, R. AJ. Chem. Physl965 43, 679 and references cited
therein.
(4) Hush, N. STrans. Faraday Socl961 57, 557.
(5) Levich, V. G.; Dogonadze, R. Rollect. Czech. Chem. Commun.
1961, 26, 193.
(6) Perng, B. C.; Newton, M. D.; Raineri, F. O.; Friedman, H.JL.
Chem. Phys1996 104, 7153, 7177.
(7) Matyushov, D. V.Chem. Phys1993 174, 199.
(8) Liu, Y. P.; Newton, M. D.J. Phys. Chem1995 99, 12382.
(9) Kurnikov, I. V.; Zusman, L. D.; Kurnikova, M. G.; Farid, R. S;
Beratan, D. N.JJ. Am. Chem. Sod.997, 119, 5690.
(10) Mikkelsen, K. V.; Cesar, A.; Agren, H.; Jensen, H. A.Chem.
Phys.1995 103 9010.
(11) McConnell, H. M.J. Chem. Physl961 35, 508.

and Reprint VolumeWiley: New York, 1969.

(33) Bixon, M.; Jortner, J.; Verhoeven, J. \0l.Am. Chem. S0d.994
116, 7349.

(34) Gould, I. R.; Young, R. H.; Mueller, L. J.; Albrecht, A. C.; Farid,
S.J. Am. Chem. S0d.994 116, 8188, 8176.

(35) Herbich, J.; Kapturkiewicz, Al. Am. Chem. S0d998 120, 1014.
Czerwieniec, R.; Herbich, J.; Kapturkiewicz, A.; NowackiChem. Phys.
Lett.200Q 325 589. Herbich, J.; Kapturkiewicz, A.; Nowacki, J.; Golinski,

J.; Dabrowski, ZPhys. Chem. Chem. Phy&001, 3, 2438.

(36) Lowdin, P. O.J. Math. Phys1962 3, 969.

(37) The adiabatic energy matrix is diagonal and the GS and CT states
are assumed to be composed largely of adiabatic states 1 and 2 in case 3.
In cases 1 and 2, similar reasoning suggests that variation in the ratio of
coefficients should alter the estimated coupling element.

(38) The simple diagnostic (eq 13) is based on two approximations, the
first being thatuct9@® ~ uz. Making this approximation will tend to

,overestimate the multistate effects (see the results for DMABN), but where

there is a significant error caused by making the assumption, it is already
a sign of strong mixing between diabatic states in the adiabatic states. If
this strong mixing involves state 3, the overestimation nevertheless points
to the need to consider state 3 in the accurate calculation of the electronic
coupling, and the diagnostic has worked properly. On the other hand, if
state 3 is not involved in the strong mixing, then the denominator in eq 13
will still be relatively large for long-range et (since we have assumed that
3 being unmixed, will have a dipole moment comparable to that of the LE
diabatic state). Our second approximation was to asgyme 22> 13,31/

(u22 — us3), leading to eq 11. This approximation is made to obtain a more
compact expression for the diagnostic. It could be relaxed but generally
need not be. Except where the mixing between the GS and CT state is
large, or the CT distance is quite short, this approximation will be valid.

(39) Jones, G., Il. Private communication.

(40) Jones, G., ll; Farahat, M. S.; Greenfield, S. R.; Gosztola, D. J.;
Wasielewski, M. RChem. Phys. Lettl994 229, 40.

(41) Allen, H. C.; Plyler, E. KJ. Am. Chem. S0d.958 80, 2673.

(42) The geometry used h&gy, symmetry, with C-H bonds of 1.081
A, N—H bonds of 1.018 A, a €N bond of 1.282 A, an HCH angle of
121.2, and an HNH angle of 11720

(43) Ditchfield, R.; Hehre, W. J.; Pople, J. A.Chem. Physl971, 56,

724.

(44) Head-Gordon, M. J.; Pople, J. A.; Frisch, MChem. Phys. Lett.
1988 153,503.

(45) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,
M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J.



3940 J. Phys. Chem. A, Vol. 106, No. 15, 2002 Rust et al.

L.; Head-Gordon, M.; Replogle E. S.; Pople, J.@aussian 98 (Resion (53) Serrano-Andig L.; MerchHa, M.; Roos, B. O.; Lindh, RJ. Am.
A.7), Gaussian, Inc.: Pittsburgh, PA, 1998. Chem. Soc1995 117, 3189.

(46) Clark, T.; Chandreshakhar, J.; Spitznagel, G. W.; Schleyer, P. v. (54) Dewar, M. J. S.; Zoebish, E. G.; Healy, E..Am. Chem. Soc.
R.; J. Comput. Cheml983 4, 294. 1985 107, 3902.

(47) Foresman, J. B.; Head-Gordon, M.; Pople, J. A.; Frisch. M. J. (55) Alaishuski, L.; Cave, R. J. Unpublished results.
Phys. Chem1992 96, 135. (56) In an extreme example, at a twist angle of 60nsidering the GS,

(48) From the point of view of application of the GMH approach this 2A, and 1B states, the following results are obtained (adiabafiQA) =
is the appropriate dipole moment to use, since it is the field-free mixing of 4.28 eV;E(1B) = 4.32 eV;u(GS) = 5.48 D;u(2A) = 12.30 D;u(1B) =
the diabatic states that one transforms away in the diagonalization of the 8.16 D. We obtain flgs 24358 = 1.49 eV, Hgs 24?2 S@€ = 1.55 eV,
dipole moment matrix. (Hes pp)effective 2-state — 1 67 eV, 1p(1B) = 0.32, Hza1p)3 S = 0.0162

(49) Modest differences arise due to our (a) use of the GMH rather than eV, (Hza 18)2 5= 0.0151 eV, Hoa 1p)effective Z-state= 9, 0150 eV, andp-

MH result for the dipole difference, (b) allowance for differences in dipole (2A) = 0.33. Note thaflp in each case predicts a 30% change (indicative

moments between the GS and LE state, and (c) use of energetic quantitieof a large correction to the numerator in eq 19, while the secotetm

obtained from a single nuclear configuration. and theo term in eq 19 are indicative of significant changes in diagonal
(50) Zerner, M. CZINDO, 3.7 ed.; Molecular Simulations Inc.: San  dipole moments upon addition of a third state); nevertheless, the 2-state

Diego, CA, 1991. and 3-state coupling elements are quite similar. However, this equivalence
(51) Lippert, E.; Lder, W.; Boos, H. IPAdvanced molecular spectros- arises from a cancellation of the contributions from thand o terms in

copy, Mangini, A., Ed.; Pergamon Press: New York, 1962; Vol. 1, p 443. the actual 3-state results, which only partially cancel in the first-order
(52) Menunucci, B.; Toniolo, A.; Tomasi, J. Am. Chem. SoQ000 treatment (eq 19). Thus, while there is significant state mixing, the net result

122 10621. is a small change in the coupling.



