J. Phys. Chem. R001,105,5317-5325 5317

Large Electron Transfer Rate Effects from the Duschinsky Mixing of Vibrations

Gerald M. Sando, Kenneth G. Spears,* and Joseph T. Hupp
Northwestern Uniersity, Department of Chemistry, 2145 Sheridan Roadriston, Illinois 60208

Peder Thusgaard Ruhoff

Maersk Mc-Kinney Moller Institute for Production Technology, 4émsity of Southern Denmark,
Odense Uniersity, Campusej 55, DK-5230 Odense M, Denmark

Receied: Nawember 17, 2000; In Final Form: March 19, 2001

We systematically test how the Duschinsky mixing of normal coordinate vibrations affects transition rates
for electron transfer (ET). We find that ET rates in the inverted region can increase many orders of magnitude
from Duschinsky mixing, and both totally symmetric and nontotally symmetric vibrations are very important.
The Duschinsky effect arises when two electronic states have vibrational normal mode coordinate systems
that are rotated and translated relative to each other. We use a conventional quantum rate model for ET, and
the examples include-683 vibrations, where two vibrational modes are mixed with different amounts of
coordinate rotation. The multidimensional Franckondon factors (FCF) are computed with standard algorithms

and recently developed recursion relations. When displaced, totally symmetric modes are involved, rates
with Duschinsky mixing can increase several orders of magnitude for inverted electron transfer reactions and
modest mixing. The peak location in a rate vs energy gap plot can depend on the degree of Duschinsky
mixing, and therefore it corresponds to a sum of solvent and an effective vibrational reorganization energy
that is not predictable by simple models that exclude mixing. In addition, for some examples of inverted
region ET we observe significant flattening of the usual parabolic curve at large degrees of mixing. We
demonstrate that large rate effects can occur with very little change in either the calculated absorption or
emission spectra, depending on the details of the Duschinsky mixing. The origin of the rate effect is the
increased FCF between the initial vibrational state and the higher lying final vibrational states when the
Duschinsky effect is taken into account. The rate effect of totally symmetric modes is greater than nontotally
symmetric modes, but since there are many nontotally symmetric modes, in real molecules these modes can
make a large total contribution to ET rates.

I. Introduction As a result, when the effect is significant, full multidimen-
sional Franck-Condon factors (FCF), rather than simple
products of one-dimensional FCF, must be calculated. In
developing the work described here, we have taken advantage
of prior work by many authors on the inclusion of Duschinsky
phenomenon in absorptiéri* and resonance Ram&n!’

Electron transfer (ET) reactivity has been the subject of
enormous theoretical attention due to its ubiquity in chemistry
and biology! However, one issue, the Duschinsky effétias
generally been ignored in almost all of the theoretical treatments.
In this work we will show that there are many instances in which . . .
inclusion of the Duschinsky effect can lead to large changes in spectral simulation. However, in only a very few cases has the

calculated electron-transfer rates. The theoretical analysis of theguscgéggky gﬁé_;ggle er: mclludtehd |ré_(lz_ali:ucqunontslr]ofgonrz(_jlaﬂve
Duschinsky effect is described elsewhéfeBasically, the eca an rates. In the studies, the buschinsky

Duschinsky effect describes the fact that upon a change in effect was for specific systems and had little effect upon the

electronic state, the nature of the vibrational normal modes .ET rate. The suggestion that Duschinsky effects might be

changes. The two sets of normal modes are approximately i tEEl,T 1 VE (O U SR T O
related by the linear transformation in ed 2. ’

general role of the Duschinsky effect in ET rate processes, and
Q =JO+K 1) this manuscript is the first systematic study. Our goal is to

systematically study the Duschinsky effect on ET rates to

In eq 1,Q’ represents the normal coordinate vector of the initial d€termine when the Duschinsky effect can become important.

stateQ represents the normal coordinate vector of the final state, Rather than using specific molecules, we have identified a
Jis the Duschinsky matrix, an& is the vector of normal simple model system with parameters that allow systematic

coordinate displacements between the equilibrium geometrieschanges while providing the properties of real molecules. To
of the two states. As described in another manusripe provide a familiar framework in terms of FCF, we use a recent
transformation is in general not linear unless certain conditions developmerit of recursion relations to compute Duschinsky

are true. kinetic effects.

One common result of the Duschinsky effect is the loss of
*E-mail: spears@chem.nwu.edu. Fax: (847) 491-7713. mirror symmetry between otherwise electronically equivalent
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absorption and emission spectra, a point that has been wellln eq 2, i is the initial (excited) state, f is the final (ground)

appreciated in several experimental studfes® Underlying the state,Hap is the electronic coupling of the two statds,is the

phenomenological spectral symmetry loss is a more fundamentalsolvent reorganization enerdyyo is the free energy difference,

difference between ground state and excited state symmetryy is the vibrational wave function, arféle;) is the distribution

inherent to Duschinsky rotation of vibrational modes. One of initial vibrational states.

immediate consequence is that the numerical values of familiar  Electronic spectra were calculated at the same level of theory

and seemingly simple parameters, such as displacements andith the following equations, with the identities of the initial

reorganization energies, become dependent upon which elecand final states reversed for absorption versus emission spéctra.

tronic state is used as a basis. Consequently, some care is

required in defining and interpreting these parameters. At a more —(w —Ego— &+ € — 49

fundamental level, the asymmetry inherent to Duschinsky A(w) Da)ZP(ei)Z%mﬁ ex

rotation implies that the typical interpretation of experimental [ AT

ET rates versus free energy can be subject to misinterpretation 3)

of reorganization energy and curvature. In addition, we show 3

many grders of magni?ude enhancement of ET rate constantsE(w) Ho ZP(Gi)Z%Wfﬁ

in the inverted region. ' .
Finally, to avoid complications due to nonlinear or nonor- (0~ Egppte&— g+ 4y

thogonal transformatiod4 that occur when axis-switching ex kT (4)

effect®’ are taken into account, and to permit the use of s

published method#8-33 for calculating FCF, some important

constraints and assumptions have been introduced. Most im-

portantly, to use a linear transformation of eq 1 we assume high

symmetry point groups (notC;, Cs, Ci, Cn, Cun Or ). . . X )
Additionally, when nontotally symmetric modes are considered population was introduced, and we found little dlfference. The
Franck-Condon factors were calculated by using recursion

we assume that they do not belong. to the same repre§entat|or}elations derived by Ruhof® For the recursion algorithm used
as a rotation. Although these conditions and assumptions are

e ) . . "here, memory storage of all FCF was necessary; the implied
satisfied in the model systems we have investigated, their o ’ -
S - . memory storage problems proved most significant in calculations
applicability clearly must be examined before applying the

. . e involving large energy gaps. The FCF algorithm was imple-
analysis, without modification, to other ET systems. mented in a FORTRAN code originally developed by Dr.

M Ruhoff, but modified at Northwestern to incorporate the
. Methods R . L )
summation in the rate, absorption, and emission equations.
To carry out systematic studies of the Duschinsky effect upon  Because we are using a sum-over-states method, we are
ET kinetics, the effect was limited to the mixing of just two of limited in the number of modes we can consider in a calculation
the 6-8 vibrational modes that are used in the model. For real due to the rapid increase in terms with additional modes. While
molecules, one expects more than two modes to be mixed, butwe have successfully performed rate calculations with up to 12
this allows simpler analysis of the effects without loss of normal modes with reasonable energy gaps and solvent reor-
generality. Under these conditions the Duschinsky matlix,  ganization energies, this necessitated care in setting limits for
becomes a simple two-dimensional rotation matrix, thereby the summation to reach convergence. In the calculations
facilitating the presentation of results as a function of one mixing performed here, the 6 mode calculations took at most a few
parameter, the angle of rotation. This greatly eases visualizationseconds on a 450 MHz PC, while the 8 mode calculations
of the dependence of electron transfer rate on the amount ofrequired from a few seconds at small energy gaps to a few
Duschinsky mixing. In the more general multidimensional case, minutes at the largest energy gaps studied. It should be noted
many angles are needed to characterize the Duschinsky matrixthat the Duschinsky effect has been included in time dependent
this not only renders the parameter space extremely large butcorrelation function method% 38 that can be applied to larger
also complicates data presentation. Parameters are chosen teystems?®
be realistic for actual ET systems, although they are not based
on any particular molecule. Realistic values of mixing depend Ill. Results and Discussion
on the molecule; but for comparison, an actual two-dimensional
case results when considering the totally symmetric modes of
NO,. Calculations of théA; ground ancB; excited states at
the UBP86/6-31G* level result in an NO bond length increase
of 0.015 A and a bond angle decrease of 82the excited
state. Calculation of the Duschinsky effect results in a mixing
angle of 18 for the totally symmetric bend and stretch modes
that have frequencies of 722.6 and 1333.5tin the?A, state.
Electron-transfer rates were calculated based on a standar
sum-over-states golden rule formulatigf>

In view of computer time and memory limitation, the initial
state was generally assumed to exist in the lowest vibrational
level. In a few calculations, however, a thermal Boltzmann

A. Totally Symmetric Modes—Basic ET Effects.Duschin-
sky Mixed Modes As Majority Acceptors: Case 1, Rotation of
Ground StateA plot of electron-transfer rate as a function of
energy gap is given in Figure 1, with the corresponding
parameters in Table 1. In the limit of no mixing, the vibrational
reorganization energyl,, is 2210 cn1!, with the dominant
portion (97%) coming from the two modes that are to be mixed,
00 and 1400 cmi. The total reorganization energita, iS
210 cnml, defined as the sum of vibrational and solvent
reorganization energy. When mixing is introduced, the rate in
o the inverted regionHyy > Awta) iS greatly increased and we
_“ e ~1/2 observe significant flattening of the usual parabolic curve at
Ker A Ha(AAokaT) ™ x ZP(E‘)Z%D“@ large degrees of mixing. An additional effect is that the
2 maximum rate is no longer at an energy gap equal to the total
(B te—gt4) reorganization energy (with no mixing), but shifts to higher
ex A ket 2 energy with increased mixing. We interpret this shift as
s representing the effective reorganization energy. In Figure 1
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Figure 1. Calculated electron transfer rate vs energy gap for several
values of mixing angle in Case 1, with a rotation of ground state normal
coordinates. Parameters are given in Table 1, and only the 500 cm

and 1400 cm! modes undergo the Duschinsky effect while also serving
to accept 97% of the reorganization energy.

TABLE 1: Parameters Used for the Calculations in Figure

1a

vicm™) K(amw5A) A Jilcm™)

1524 0.03 0.2 31 Figure 2. Potential energy surfaces for two normal coordinates in two
300 0.05 0.15 3 different states. The excited state is the upper left state. The top drawing

1200 0.03 0.18 19 is the nonrotated case, the middle drawing has the ground-state
3100 0.01 0.1 14 coordinates rotated by20°, and the bottom drawing has the excited-
*500° 0.39 15 564 state rotated by-20°. Axes represent normal modes; e.g., the long

*1400° 0.233 15 1578 axis could be a bend and the short axis a higher frequency stretch with

& Hap = 250 cnT; As = 3000 e Ay = 3 4 = 2209.7 et = frequencies the same in both states.

0.5viAi2; Aj = 0.172220.5K;. ® Mixed modes. . .
potential energy surfaces is taken along a normal mode, the

the vibrational reorganization energy is described in ground- displacement is the distance between the bottom of the resulting
state coordinates, and the vibrational reorganization energyparabolas. The reorganization energy is the increase in potential
increases greatly, from 2210 cfat no mixing to 9060 cmt energy that results when one state is distorted to the geometry
at a 60 mixing angle. This is in contrast to the usual assumption of the other state. The important parameters for electron transfer
that the maximum rate occurs when the energy gap is equal toare the dimensionless displacements and reorganization energies,
the total reorganization energy in a non-Duschinsky model. The which depend on the frequency of the modes as well as the
reason for the energy shift in the maximum rate is that, for this normal mode displacemertsWith no coordinate rotation, each
case, the effective reorganization energy depends on the rotatiormode has its own reorganization energy= 0.5vA2, and the
angle of the ground-state coordinate system. This is dependentotal vibrational reorganization energy is the sum of the
on the specific coordinate rotation, and examples where the contributions of each mod¥.In this simple case, the vector
maximum rate is independent of rotation angle are also possible.displacements to bring the coordinates in conjunction do not
We review subtleties of coordinate rotation and translation in depend on the starting state since the vectors are equal in
the next section. magnitude but opposite in sign. Starting with either state, this
Duschinsky Rotation and Reorganization Energy in ET results in identical reorganization energies if the frequencies
Models.First we review some concepts of coordinate system are the same, as is assumed here.
rotation and how they affect concepts often used in discussing When the Duschinsky effect is taken into account, there is a
ET and optical absorption and emission. In the absence of therelative rotation of the coordinate system in addition to a
Duschinsky effect, the normal modes of each state involved in displacement. The Duschinsky effect is similar to two Cartesian
a transition can have relative displacements of the coordinatecoordinate systems rotated and displaced with respect to each
system, but no rotation of the coordinate system. Figure 2 hasother, with the normal modes as the axes (see Figure 2, middle
three cases for discussion, and the top drawing has a case foand bottom drawings). When a one-dimensional slice of the
two modes drawn as elliptical energy contours showing energy potential energy surface is taken along a normal mode of one
versus displacement; these two states could have been drawstate, the slice does not correspond to a normal mode of the
with different frequencies, but for simplicity they are identical. other state but goes along a linear combination of normal modes
For example, one might imagine that the long axis of the ellipse of the second state. The distance between the minima of the
is a lower frequency bend mode and the short axis is a highertwo surfaces, measured as the square root of the sum of squares
frequency stretch mode. The top drawing shows the normal of the normal mode displacements, is independent of which state
mode coordinate systems of the two states with no relative is considered as the starting state. However, the simple
rotation. The displacements (dimensionless displacemants, interpretation of reorganization energy for the top drawing of
or normal coordinate displacements, K, with units of i&ss  Figure 2 does not apply to the two cases represented by the
length) are a measure of how far along a particular normal mode middle and bottom drawings. In our work, the reorganization
the molecule in one state must move in order to reach the energy parameters of Table 1 are based on the top drawing, a
geometry of the other state. If a one-dimensional slice of the conventional and unambiguous definition.
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We now use Figure 2 to demonstrate how different types of
coordinate rotations create a new perspective on reorganization
energy. We will consider all drawings as having the upper state
as the left set of contours. The middle drawing has the lower
state rotated 20 degrees CW from the top drawing. If we
consider a vertical transition from the excited state minimum
(coordinate origin) to a point on the ground state coordinate
system, we see that the energy in each mode on the ground
state is not the same as in the top drawing. The middle drawing
also shows that in absorption from the ground state to the excited
state we reach a point on the upper surface that is the same as
in the top drawing; this implies a constant reorganization energy
in excited state coordinates. For the coordinate rotation in the
middle drawing, we have a case where absorption will not be
greatly affected by the amount of coordinate rotation, but in em!
emission or ET the ground-state reorganization energy will be
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quite dependent on coordinate rotation. The bottom drawing is g 022

a different case, where we selected a CCW 20 degree rotation 5

of the excited-state coordinate system. If we consider emission 5 0-20

or ET from the excited state, it will reach the same point on the E — 0

ground state as in the top figure. This case then has the ground- E: 01514 |- 10

state reorganization energy independent of the degree of 'z T Zg

coordinate rotation. We note that absorption would reach a point 2 ¢ 19 /-

on the upper surface that would be quite dependent on the degree = //.,\

of coordinate rotation but the emission would be less sensitive; ,_8_ 0.05 g N
this implies that the excited-state reorganization energy is .2 . \.
dependent on the coordinate rotation. E 0.00 \

In summary, the simple drawings of Figure 2 show how
specific values of Duschinsky rotation could show a wide range
of behavior for absorption and emission spectra as well as for cm-!
plots of ET rates versus energy gap. In addition, the traditional gig,re 3. Calculated absorption and emission spectra corresponding
definition of the reorganization energy is no longer applicable to Figure 1 forEq = 16 000 cnt.
when there is a large Duschinsky effect. In general, even for

4000 6000 8000 10000 12000 14000 16000

dest Duschinsk tati ) | lecule. t directly above the bottom of the ground-state surface. Since the
modest t‘.sc INSky rotation E)n a comE[) ZX mho eCl:he, Wlo excited state is not rotated, the transition is to the same point
reorganization energies can be computed where he valu€,, yhe excited-state surface (see top and middle drawings of

depends on which electronic state is used as a basis. As a resu'ﬁ*‘-igure 2). However, wave functions do have width, and the

features such as spectral peaks and rate maxima versus eXOs'pectral changes are due to the rotation of the ground-state wave

tEerm_icit); no longer dellljend on thg Leorganigatiolg en(ra]_rgykin function along with the coordinate system. This rotation changes
the simple way normally assumed by ignoring Duschinsky o shape of the initial wave function with respect to the excited-
effects. This is an important outcome that has previously been ;..o surface and results in different Fran€ondon factors

ign_or_ed in Iinki_n_g exp_eriments and theory._ Therefore, t_he and slightly different absorption spectra for different amounts
validity of traditional ideas about reorganization energies ¢ ordinate rotation.

depends on the degree of Duschinsky mixing. There is no simple  tha emission spectrum in Figure 3 undergoes a great change

redefinition of reorganization energy in the case of a large \\hen mixing is introduced. This is an example of an asymmetry
Duschinsky effect. For example, both in spectral peak locations patveen absorption and emission that occurs because of the
and the location of rate maxima versus exothermicity, which is pschinsky effect. Normally, in the absence of the Duschinsky
often used to assign reorganization energy, there often appeargysact, the corrected absorption and emission spectra are mirror
to be an effective reorganization energy that is different from images of each other. However, the Duschinsky effect breaks
either calculated value. We will give additional results in later g symmetry, as can be seen in Figure 3. For no mixing the
sections to demonstrate these ideas. spectra are roughly mirror images. However, as mixing is
Absorption and Emission Spectra for Caselri.Figure 3, introduced in this case, the absorption spectrum remains largely
the absorption and emission spectra corresponding to Figure lunchanged, whereas the emission spectrum changes drastically.
are shown. It can be seen that the absorption spectrum change¥his can also be explained using the Condon principle. Now
little up to a mixing angle of about 30 The rate, however,  the initial state is the excited state, and, since the ground state
undergoes an increase of several orders of magnitude in thisis rotated, the mixing does not affect the excited state. However,
same range when deep in the inverted region. This is a little the final state is rotated, meaning that the vertical transition
unexpected, and it would have been reasonable to assume thatow occurs to a different region of the potential energy surface
a large rate change should correspond with a significant change(see top and middle drawing of Figure 2). Large changes in
in the absorption spectrum. However, from the last section we emission spectra are then expected as the coordinate rotates.
anticipated this result, which is essentially based on the CondonThe effects on the spectra are reduced when the frequency
principle#! Since the Condon principle states that absorption is difference between the mixed modes is greater, which can make
a vertical transition, the transition should be identical from the detection of Duschinsky effects from spectra more difficult.
bottom of the ground state surface, which does not move as The fundamental reason for the observed inverted region rate
the surface is rotated, to the point on the excited state surfaceincrease can be seen in the calculated low-temperature emission
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Figure 5. Calculated electron transfer rate vs energy gap for several @nd spectral width change a great deal as the mixing is increased,
values of mixing angle in Case 2, with a rotation of excited state normal in contrast to what was seen for Case 1. However, very little
coordinates. Parameters are the same as Figure 1. Only the 560 cm change is seen in the emission spectrum. This result can similarly
and 1400 cm' modes undergo the Duschinsky effect while also serving be rationalized using the Condon principle (see top and bottom
to accept 97% of the reorganization energy. drawing of Figure 2). Smaller rate effects should be expected
spectra shown in Figure 4. The low-temperature emission spectrasince only the shape of the initial wave function changes and
are a good measure of the value of FCF between the lowestnot the final potential surface. In this case, the reorganization
excited vibrational state and the various levels of the ground- energy remains constant when referred to in ground-state
state that are important in rate processes. As Figure 4 showscoordinates, and the maximum in the rate versus energy gap
as the amount of mixing increases, the lower energy emissiondoes not move.
bands increase in intensity. Low-energy emission corresponds In both Case 1 and Case 2, the Duschinsky mixing caused
to high-energy ground-state vibrational levels that are more significant rate constant effects, but the effects on spectra and
important in inverted electron-transfer rates because of the rate versus energy gap depend on the details of the mixing. For
Gaussian energy matching term in eq 2. Large relative effects a real molecule there is only one correct answer, which can be
are possible because of the extremely small value of these FCFderived from exact computations of normal coordinates by ab
in the no mixing case. Decreases in the high-energy emissioninitio methods when such methods are possible. From the
intensity are also seen, consistent with the sum rule for FCF, experimental view, one often has either a featureless absorption
but the relative changes are smaller. This helps to explain theor emission spectrum, which may not clearly identify the
small decrease in normal region ET rate with increased mixing. Duschinsky effect unless there is a dominant displaced oscillator
Duschinsky Mixed Modes for Case 2, Rotation of Excited that is also mixed. As we shall show in later sections, major
State.Examples of rate versus energy gap and absorption andrate effects can occur when mixed modes are only part of the
emission spectra for rotation of the excited state coordinatesreorganization energy and nontotally symmetric modes are
are given in Figure 5 and Figure 6. As discussed in a prior surprisingly effective. If both absorption and emission are
section, this is a case based on the lower drawing of Figure 2.observable between the two states of interest, the amount of
One difference between Figure 5 and Figure 1 is that the location Duschinsky mixing can be approximated for displaced modes
of the maximum in the rate no longer moves with increased but not nontotally symmetric modes. In the case of no mixing,
mixing. Also, the rate increase seen in the inverted region the absorption and emission spectra should be mirror images
appears to be slightly smaller than in the previous case, althoughof each other after correcting for the frequency prefactors (
the general trend is the same. Also, there is less flattening of for absorptiony? for emission). A large asymmetry suggests a
the rate versus energy gap for larger mixing. The changes inlarge Duschinsky effect.
the absorption spectra are much more drastic in this case of B. Totally Symmetric Modes—Parameter Variations. Now
excited state rotation. The location of the absorption maximum that we have demonstrated that the Duschinsky effect can have
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— coordinates. Parameters are given in Table 1, and only the 500 cm
S and 1400 cm! modes undergo the Duschinsky effect while also serving
11000 | to accept 33% of the reorganization energy with the 1200*ammode
?E increased to provide the same total as in Figure 1.
o
5 to be the dominant modes for the Duschinsky effect to be
v 100 - important for ET ratesThe magnitude of the rate effect depends
§ on the energy gap; the effect is less at 16 000 temd would
e decrease for smaller gaps but increase if the mixed modes are
PNERTR a large part of the reorganization energy.
r§ The reduction of the mixed mode contribution to total
o reorganization energy has an effect on a plot of ET rate versus
% | energy gap. If we reduce the contribution of the mixed modes
< ! T T v r T to 33% of total reorganization energy instead of 97% in Figure
~ 0 10 20 30 40 50 60 1, we create the plot of Figure 8, with otherwise similar
Mixing Angle (degrees) parameters. We see from comparing these figures that the

maximum of the curves shifts less in Figure 8 as the percent of

cm* (bottom) as a function of mixing angle for different percentages mixing ir_mreases, and ther_e_is less flattening of the parabola
of vibrational reorganization energy in the mixed 500 érand 1400 for the highest degree of mixing. In real molecules it would be
cm ! modes. The reorganization energy in the 1200 cmode is unusual, but possible, to have 97% of the acceptor modes also
increased to keep the total constant, and the relative amounts ofbe Duschinsky mixed. Figures 1 and 8 both show that the
reorganization energy in each mixed mode is fixed as in Figure 1.  maximum in the curve depends on the degree of mixing for
Case 1. Since the curves in Figure 8 could be considered as
important effects on ET rates, we will investigate more common, there is a need to interpret the maximum as a sum of
parameter changes and identify when rate effects are the largestsolvent and effective vibrational reorganization energy, which
We have already shown that effects are large for ET in the could deviate significantly from any simple computation of
inverted region of large energy gap. We will investigate some displaced modes without Duschinsky mixing. In addition, the
other issues to help identify under what conditions the Duschin- significant flattening of the parabolas at the larger mixing values
sky effect is most important for ET rates. In the following provides a new interpretation that might be applicable to
studies, the ground state normal coordinate system will be experiments showing such a flattening of rate with energy
rotated, as in Figure 1 and Figure 2 (middle drawing). Since gap?#243
the mixed modes in Figure 1 make up the dominant portion of  Figure 9 shows the electron-transfer rate as a function of
the vibrational reorganization energy (97%), we now test mixing angle forEgp = 20 000 cnt? (top figure) and 16 000
decreasing this percentage to more closely approximate typicalcm=! (bottom figure) with different frequency ratios and
molecules. We decreased the reorganization energy of the mixedeorganization energy ratios of the mixed modes. In all of these
modes (1400 cmt, 500 cnmt) and increased the reorganization cases the total reorganization energy and the amount in the
energy of the 1200 cmt mode to keep the total constant, mixed modes (97%) was kept constant and the same as in Figure
otherwise the parameters of Table 1 are the same. In Figure 7,1. We changed the value of the high frequency and the relative
the relative rate vs mixing angle at an energy gap of 20 000 amount of displacement in the modes. For example, Figure 1
cm! (top figure) and 16 000 cnt (bottom figure) is shown used the values 500:1400, 1:2.8 in the legend, which indicates
for several of these cases. Figure 7 shows that the larger thethat the reorganization energy was 2.8 times greater in the 1400
percentage of reorganization energy in the mixed modes, thecm™ mode than in the 500 cmi mode. If we contrast that result
larger the observed increase in rate. However, a large percentagavith the 500:1400, 1:1 plot we see an order of magnitude
is not needed since the rate increase is diminished only slightly increase in rate when more of the reorganization energy (larger
in the case where the mixed modes are only 50% of the total displacement) is in the low-frequency mode, and additional rate
vibrational reorganizatiorEven when the mixed modes account increases for the 500:1400, 2:1 case. We conclude that the larger
for only 10-20% of the reorganization energy, the rate increase the portion of reorganization energy that resides in the lower
is still significant, showing that the mixed modes do nateha  frequency mode, the larger the increase in rate. Also, it appears

Figure 7. Relative rate increasesBs, = 20 000 cn1* (top) and 16 000
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model. However the solvent reorganization energy still has a
role in determining how Duschinsky mixing affects electron-

transfer rates. The solvent reorganization energy, along with
the vibrational reorganization energy, determines where inverted

lc+3
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D

£

o)

=

3
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§ let+2 electron-transfer behavior begins, and therefore, when we can
g —o— 500:1400, I:1 reach the inverted region of ET where the Duschinsky effect

E et —v— 500:1400, 211 can become important. In addition to this classical effect, there

2 — zgng‘]’gb‘}‘,l is an additional effect that arises from the Gaussian energy
& | r0 —— 5002100, 2.1 matching term in eq 2. The solvent reorganization energy and

v ' -— ! the temperature determine the width of this Gaussian, and
g 0 10 20 30 40 50 60 therefore a larger solvent reorganization energy has a broader
2 Mixing Angle (degrees) energy matching term that increases the number of FCF

important in the rate calculation. In this case the important FCF
- ! > ! ) " now include lower ground-state quantum number states, which
cm! (bottom) as a function of mixing angle for different ratios of mixed L .
mode frequencies and relative reorganization energy in the mixed _under_go smaller reIan_ve Increases, or even decreases’_W'th the
modes. Ratios are listed agvs, A1:42, with total reorganization energy  inclusion of the Duschinsky effect. Large solvent reorganization
and the amount in the two mixed modes kept constant. energies should reduce the rate effects that arise from the
Duschinsky effect.
that for larger frequency differences in the mixed modes, there  C. Nontotally Symmetric Modes Have Large Duschinsky
is a larger rate increase for a constant ratio of reorganization Effects
energies. For example, this suggests that a large rate effect may Nontotally symmetric modes are ignored in standard ET
occur when the amount of bending and stretching character oftheories. This is due to a lack of Frare€ondon activity, since,
a normal mode changes between electronic states and leads tm the absence of Duschinsky mixing or frequency changes,
mixing. However, for some parameters we are approaching annontotally symmetric modes have no contribution to the rate
absolute rate that is quite large, so that there are significant since their FCF are zero. In addition, any contributions that arise
plateau effects at larger mixing angles for the 500:2100 cases.from frequency changes are usually small and constitute a
This plateau can be best seen when comparing 500:1400, 2:Inegligible contribution to the rate. However, we expected that
and 500:2100, 2:1; however, for other parameters with smaller Duschinsky mixing of nontotally symmetric modes could
absolute rates, one finds that the trend holds and there are greatgsrovide a significant rate contribution since mixing two non-
relative rate increases when there are greater frequency differ-totally symmetric modes that have a relatively large difference
ences in the mixed modes. in frequency should be analogous to a large frequency change.
In all of the examples given so far, the initial and final state In Figure 10 a plot of rate vs energy gap for a system mixing
frequencies have been the same. This has been done foA00 and 1800 cmt nontotally symmetric modes is shown.
simplicity, although it is not likely to be true in a real case. To Results are similar to the totally symmetric mode case, with
test the validity of this assumption, changes were made to bothinverted region rates increasing with increased mixing. However,
initial and final state frequencies. Moderate frequency changesin this case the rate shows a maximum at an energy gap equal
were seen to have a fairly small effect on the relative rate to the total reorganization energy, for all values of the mixing
increase, sometimes increasing and sometimes decreasing thangle, unlike the totally symmetric mode cases. This is due to
effect (not shown). It must be noted that this is true only for the fact that since nontotally symmetric modes have no
moderate changes in frequency. For extreme frequency changeslisplacement, they contribute nothing to the reorganization
(experimentally uncommon) the rate effects due to the frequencyenergy. This provides another insight into our assignment of
changes can be as important as Duschinsky mixing an effective reorganization energy to the peak shifting in Figure
The solvent is treated as a single classical harmonic oscillator, 1 for the totally symmetric mode case. An additional difference
and therefore cannot undergo a Duschinsky effect in the currentwith Figure 1 is the magnitude of the rate increase, especially

Figure 9. Relative rate increasesBs, = 20 000 cn1* (top) and 16 000
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\ in frequency the greater the rate effect. In fact for the 800%cm
case, there is essentially no rate increase. These results support
_// \._\ assigning the rate effects to effective frequency changes that
4 \\ result from mixing modes of greatly differing frequencies.
: Q However, it should be noted that these calculated rate effects
\ are smaller than seen in the totally symmetric cases mentioned
0.05 1 / \ previously. This result shows that Duschinsky mixing of
P \ displaced, totally symmetric modes has a larger effect than
= . . . : mixing nondisplaced, nontotally symmetric modes. The impor-
4000 6000 8000 10000 12000 14000 16000 tance of mode displacement when mixing modes probably arises
1 from the enhanced FCF that come from involving different

. 11 Caleulated ab ) 4 emiss or mixing of portions of the potential energy surfaces.
igure . Calculated absorption and emission spectra for mixing o . .
nontotally symmetric modes that corresponds to Figure 1ok The commonly held assumption that nontotally symmetric

16 000 o, modes are of no importance is not correct, and we have shown
that they can have a considerable effect on ET rates. In addition,
at low mixing. A mixing angle of 10 does very little to the  for real molecules there can be a large additive effect of mixing
rate in this inStance, and the rate starts to increase Signiﬁcanﬂymany nontota"y Symmetric modes to the FCF Component in
between 10and 20. In the totally Symmetric case the increase the rate since genera”y many more such modes exist’ particu_
in rate began immediately, and a significant increase is already|arly at low frequencies. Furthermore, nontotally symmetric
seen at 10 modes of very low frequency might be more easily mixed with
Figure 11 shows corresponding calculated absorption spectrahigh frequencies of similar symmetry, although this issue can

for an energy gap of 16 000 crh Again, at low mixing very  pe judged only for specific molecules.
little change is observed. Very small rate changes are also seen

at low mixin_g._ Howev_er, a high energy t_ail then begins_ to appear |y conclusions
at larger mixing, which causes significant broadening of the
spectrum. These changes are much more pronounced than the The Duschinsky effect has been shown to be a very important
absorption in Figure 3, but much less than absorption changesfactor in calculating inverted region ET rates. When displaced,
in Figure 6. A very similar effect is seen in the emission totally symmetric modes are involved, rates can increase several
spectrum. If the spectra are corrected by dividing by the orders of magnitude for inverted electron transfer reactions. The
prefactors, the absorption and emission are mirror images, everpeak location in a rate vs energy gap plot can depend on the
in the case of large mixing. It must be noted that because theredegree of Duschinsky mixing, and therefore it corresponds to a
is no displacement along these nontotally symmetric modes, sum of solvent and an effective vibrational reorganization energy
the results do not depend on which state is rotated; therefore,that is not interpretable by simple models that exclude mixing.
we do not observe the large differences between Case 1 andVNe demonstrate that large rate effects can occur with very little
Case 2 of totally symmetric modes. When all of the mixing is change in either the absorption or emission spectra, depending
in nontotally symmetric modes the rotation of the excited state on the details of the Duschinsky mixing. These results imply
is equivalent to rotating the ground state in the opposite that experiments without both absorption and emission spectra
direction. In addition, a negative rotation gives the same results cannot determine if Duschinsky effects are present. Furthermore,
as a positive rotation, since there is no displacement along thesghe large rate effects for Duschinsky mixing of nontotally
modes!® The rate, absorption, and emission effects arise from symmetric modes make the absorption and emission spectra
the fact that the FCF with higher lying final vibrational states useful only for displaced modes. The origin of the ET rate effect
are increased when the Duschinsky effect is introduced. is the increased FranelCondon factors between the initial
Figure 12 shows the effect of changing the frequency of the vibrational state and the higher lying final vibrational states
mixed nontotally symmetric modes. The lower frequency is kept when the Duschinsky effect is taken into account. The rate effect
the same while the upper frequency is changed from 1800 to of mixing two nontotally symmetric modes is smaller than the
800 cnT! or 2800 cnT?. It appears that the greater the difference effect of two totally symmetric modes. However, they have large
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enough rate increases at moderate mixing to allow several
nontotally symmetric vibrational modes to be as important a
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of nontotally symmetric modes are more important when the

(12) Hemley, R. J.; Lasaga, A. C.; Vaida, V.; Karplus, 81.Chem.

frequencies are very different, and since there are many Phys.1988 92, 945-954.

nontotally symmetric modes, there is ample opportunity for a
large total contribution. Nontotally symmetric modes do not
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vibrations has not been systematically applied to computing
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