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On Generalized Mulliken—Hush Approach of Electronic Transfer: Inclusion of Non-Zero
Off-Diagonal Diabatic Dipole Moment
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A general formula for the adiabatic-to-diabatic mixing angle in terms of the electronic dipole moments is
derived within a two-state model. It expresses the electronic coupling determining the rate of electronic transfer
in terms of the off-diagonal diabatic dipole moment.

1. Introduction the problem of determining diabatic parameters from the known
adiabatic ones. Such a problem cannot be solved with the
aforementioned formula for the mixing andle.

The aim of the present work is to obtain a general formula
r the mixing angle in terms of the adiabatic dipole moments

The electronic coupling between the initial and final diabatic
states is the major factor that determines the rate of electron
transfer!-2 Within the Golden Rule approximation, the electronic fo

transfer zrcatg is proportional to the square of the electronic which is derived without the assumption of neglecting the off-
coupling= It is therefore expedient to develop such approaches diagonal dipole moment and which therefore will be also useful

which can provide reasonable estimations of the electronic - ey rhation estimations when this dipole moment is small
coupling. One of these app_roaches was.developgd by NeWtonenough. This is done in section 2. In section 3, we derive the
and co-worker%who namded itthe generahzgd MulllkefHu§h expression for the diabatic Hamiltonian in terms of the off-
method® This approacl‘f'_ uses the expression for the mixing diagonal dipole moment and summarize our results.
angle of the transformation from the adiabatic states diagonal-
izing the electronic Hamiltonian to the diabatic ohesterms
of the adiabatic dipole moment derived by Magand Rier& ) ] T ] )
and Werner and Mey&runder the assumption that the diabatic ~_Consider electronic Hamiltonia(r;R) with corresponding
states are so well localized that the corresponding off-diagonal €igenfunctionsl(r;R) and eigenvalueBy(R). Wi(r;R)'s form
diabatic dipole moment is equal to zero. These are in particular the adiabatic basis setdenotes the electronic variables whereas
the charge-localized donor and acceptor states, which are widelyR = (R, -, Rq, ...) nuclear ones. Projectirig(r;R) onto two-
used in modeling the electron couplifgand which can be  dimensional subspace generated, saylthy= Wi and W, =
viewed as a good approximation of “most” diabatic stdfes. Wr results in a 2x 2 diagonal Hamiltonian matrix with the
On the other hand, to calculate the electronic coupling, Cave diagonal matrix elementsl = Ei, k = i,f (i is used for the
and Newtodcd used the block diagonalization procedure initial, f for final states, respectively). Such projection procedure
developed by Cederbaum etdbr determining diabatic states. ~ 9ives rise to a so called two-state problem that appears to be a
Such procedure is rather suitable for introducing chemically "ather useful todf7in estimating the electronic coupling. The
reasonable diabatic states and naturally defines an off-diagonalatter one is defined as an off-diagonal elementi¢f;R) in
dipole moment whose magnitude can then be thoroughly the diabatic basis set formed M andWr. Hir = [Wi|H|WiLl
examined. Here, the integration is carried out oweonly. Within the two-

Polarizable solvent may significantly influence the electronic State problem, the diabatic states are obtained by rotating the
coupling?2 72 This influence is controlled in particular by the adiabatic ones via a certain orthogonal transformation,
off-diagonal dipole moment gained by the solute in terms of i o _
its vacuum diabatic staté8.In the case when such an off- (%) = (COS¢ sm¢>)($.) 1)
diagonal diabatic dipole moment is small enough, the standard f f
perturbation technique can be applied to estimate its effect on
the electronic coupling. It has been recently pointed out by
Matyushov and Ladan$fithat, despite the smallness of this off-
diagonal dipole moment compared to the diagonal ones, its
contribution to the electronic transfer matrix elements can
nevertheless reach the same order of the magnitude as that of
diagonal moments. Also, in the case of weak deremceptor ) o ) ) o )
complexes, the off-diagonal dipole moment can be rather |arge15quat|on 2 implies that the nonadiabatic derivative coupling
so as to donate a considerable intensity to the charge-transfefy’ in the diabatic basis completely vanishes. This is actually
band3 The author¥ also emphasized the importance of the the definition of a diabatic or strictly diabatic basis.
inverse problem in the study of the electronic transfer, namely, ~We now consider the adiabatic electronic dipole monneqt

= [Wyr|W [l Following Newton et allP—¢ their components

TOn leave from Bogoliubov Institute for Theoretical Physics, Kiev, &€ de"fllt V‘_’ith ina common (mean) _dire(ftion- Deﬁni‘"g as
Ukraine 252143. E-mail: eugen@gluk.apc.org. the projection ofmy on this chosen direction, one obtains that

2. Adiabatic-to-Diabatic Mixing Angle vs Dipole Moments

sing  cos¢

¢ is the adiabatic-to-diabatic mixing angle. It is determined by
the nonadiabatic derivative couplififf) = [W;| Vg, WL via the
equatiort

Ve, = () 2)
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the two-state dipole matrim = (mg)x obeys some sort of
“equation of motion”,

Vem =[m, F] (3)
or in matrix form,
v (mu le) _ (mn le)(O le)_ (0 le)(mll m12)
R\My, my, My My \—f, 0 —f 0 JAmy, My,
_ (_Zflzmlz fro(myy — mzz)) 4)
fio(myy — myy) 2f3my,

In eq 3,F is a nonadiabatic derivative coupling matrix with
matrix elements;; for any pair of states and [..., ...] are standard
commutation brackets. Subscriptis hereafter suppressed.

Equation 3 is valid for an arbitrary finite basis set, not only
for the two-state problem and for any electronic operator. In
case ofh states, the generalization of the nonadiabatic derivative
coupling matrix is obvious. Defining the dipole moment matrix
in this diabatic basis a& and taking into account that the
nonadiabatic derivative coupling matrix vanishes in the diabatic
basis set, one obtains from eq 3 that

Vem =20 (5)

Equation 5 expresses a “smoothness” of the dipole moments in
the diabatic basis sét.

Introducingmy. = My + My, one then rewrites eq 4 as

(6)

Applying further the orthogonal transformation (1) to the
adiabatic dipole matrixn, one converts it to the diabatic one,
cos¢ —sing

(e me)- (50 )l e ) o

B %(m++m, cos 2p) + my,sin 2 mlzcoszpf%f m_ sin 2

Vemy, = f,m., Vem, =0, Vem_ = —4f;,m;,

My My
My My,

My My,
My My,

cos¢ sing
—sing cos¢

m,, COS 2 — %m, sin 2p %(m+ — m_ cos 2p) — M, Sin 2
Equation 5 will be used now to determine the mixing angle
¢. For this purpose, we substitute eq 7 into eq 5 and obtain

VriMy, = (VgMy, — M_Vg) cOs 2p — %(VR”L +
4m, V) sin 2 (8)

Vg, = —VgM,, = (VgMy, — M_Vge) sin 2p +
1
E(VRmf + 4m,,Vre) cos 2

These eqgs 8 give us the general solution for the adiabatic-to-
diabatic mixing angle

)

Equation 9 can be easily verified. Herg,is a numerical
coefficient defined by the imposed boundary condition. This is
equivalent to solving first-order differential eq 2 that requires
imposing certain boundary condition. For instangegan be
evaluated from some value of the off-diagonal dipole moment
M. A choice ofy = « in eq 9 yields the formula tangg =
2my/m_ which was obtained by Maas and Rieztand Werner
and Meyer® The corresponding transformation (1) with the
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mixing angle ¢o eliminates off-diagonal elementy of the
diabatic dipole matrix. Ify = o, the mixing angle determined
by eq 9 rewritten as tang?= tan(2po + cot™! y) results in such
expressions for the diabatic dipole matrix,

~ m,
mll = 7 +
2
Y 7l 2mm.
1 1+y
10
E‘ 4m—my, — y(m_* — 4m,;) ) (10)
» otherwise
J@+Am 2+ 4m, 2
- m,
My, = > +
2 2
y m.”+ Ay, [yl = 2my,/m_
N 1+
E‘ 4m—my, — y(m.?— 4m122) ) (11)
» otherwise
J@+yAm 2+ 4m))
2 2
[+ 4my ly| = 2m;/m_
1 1+92
My, =T 5 4ym—my, — m_*+ 4m, _ (12)
otherwise
J@+yAm 2+ 4m )

Equations 16-12 include the value of equal to 2ms/m-. It
corresponds to the mixing angle = /4 that converts the
adiabatic off-diagonal dipole moment, to the diabaticy,
= -m-/2.

Equation 12 demonstrates that, varies from a minimum

of (—m_/2, —|m_2 — 4m;2|//m_*+4m,,?) to a maximum of
(M2, |m-2 — 4my2/4/m_*+4m,,?). It is worth noticing that
the infinite value ofy is actually the singular point ah- and
Mo, that is, the point where all their derivatives with respect to
y vanish. It is interesting to notice that, as follows from the
second equation in (6), one particular choicépf that satisfies

a “smoothness” (5) is thafy, = pmy where 8 is some
numerical coefficient,5 = 1 corresponds to the Mulliken

approximatiofl (see also eq 40 in ref 7d). Such a choicéigf

yields, for example;y = y/m_*+4m?*—m,’/m; if m? >

M 1Mp2.

3. Diabatic Hamiltonian in Terms of Off-Diagonal Dipole
Moment

Rotating the adiabatic Hamiltonian matrix by the mixing angle
(9), one obtains its diabatic form,

~ AE ym_ —2m,
H,=EFy+ o > > >
J@+ A2+ am,D)
~ AE ym_ —2m,,
e A I T Vi S
J@+yAm2 + 4am,))
N m_ + 2ym
A,=T2E AL (13)

2 Ja+yAm? + amA

In (13), Ep = (E1 + E»)/2 and the energy offs&\E = E; — Eo.
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Substitutingy = o, which corresponds to a vanishing off-
diagonal diabatic dipole moment, into eq 13 results in the
generalized Mulliker-Hush formula for the diabatic electronic
coupling

with the angle tan'(2H;,/(H1; — H,y)) diagonalizing the diabatic
Hamiltonian matrix. Summarizing, based on a smoothness of
the diabatic dipole moment, we obtain the formula for the
electronic coupling that takes the off-diagonal diabatic dipole
moment into account, and therefore, will be useful to estimate
the electronic coupling in terms of quantities which are directly

HO AEmM, AE
accessible through electronic spectroscopy.

2o Jm.2 + am, 2 B V1 + cof ¢,

(14)
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Thus, in the general case when= o, eq 13 allows the
electronic coupling to be expressed in terms of the off-diagonal
diabatic dipole moment. Some consequences of this equation
can be drawn. First, substituting = 2my/m- in the last
equation (13) yield$H1,] = AE/2. Second, within the Mulliken
approximatioff when iy, is equal tom,, one easily obtains
that the electronic coupling becomes equal to

~ ~ m,
Hi,= (H(loz))2 AEM.
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