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Abstract: A theoretical analysis of the electron-transfer matrix eleméqt,for some cluster models intended

to mimic the properties of the [NBfCu,Cls] mixed-valence compound prepared by Willet et &.reported.

On the basis of ab initio unrestricted Hartrdeock calculations, bot,, and the potential energy profiles
versus an idealized electron-transfer reaction coordinate have been calculated for different scenarios. Our
best estimate foW,p is found to be 971 cmit in agreement with experimental related work. The physical
factors governing the amplitude of the electronic coupling as well as the shape of the energy profiles have
been analyzed. It is shown that in order to account for a correct type Il behavior within the-Rdym
classification, the polarization effects induced on the cluster by the environment have to be included. The
dependence dfy, on the nature of the ligands bridging the'€Cu' centers is discussed. Our results for a
family of compounds of formula [GCUX,Cu'Cl,]3~ (X = CI=, OH~, SH") show that both/,, and the energy
profiles are largely dependent on the nature of X.

1. Introduction [NEtg][Cu.Cl4] showing its Peierls-distorted nature with a
strongly trapped charge density wave.

The conductive properties of these chains can be viewed from
a local point of view as arising from a concerted electron jump
between Cland CU centers, i.e., as a simultaneous and
generalized electron-transfer reaction. As is well-known, most
of the long-distance electron-transfer (ET) reactions are con-
sidered as nonadiabatic processes, for which, according to the
Golden Rulé, the rate constant expression is written as

Properties of copper mixed-valence compounds presently
constitute one of the most appealing subjects both in biochem-
istry and inorganic chemistry. For instance, thé-@ou' pair
is found in biological systems such as hemocyanin derivafives,
cytochromec oxidase? or nitrous oxide reductase The same
pair is also found in cerium-doped MuO, oxides which are
the basis of a family of high-temperature superconduétbrem
a structural point of view, the most outstanding aspect of these
bimetallic mixed-valence compounds is the presence of two
metal centers which under specific conditions are able to
interchange their formal oxidation state through an electron-
transfer process.
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wherels is the reorganization energy of the ET st¥f, is the

In 1987 Willett reporteti on the preparation of a GuCu' electronic coupling matrix element between two diabatic states,
mixed-valence compound of formula [NJfCu»Cl4] in which a andb, and AG* is the free activation energy. Within the
the two nonequivalent copper centers are bridged by two framework of the two-states mod®ly,is conventionally defined
chloride ions. This compound was shown to form linear chains as half the splitting between the adiabatic potential energy
with semiconductive behavior and characterized as belongingsurfaces at the crossing seam, and plays a pivotal role in the
to the Robin and Day classfl.In a later work? the synthesis  theory of the ET reactions, since besides its participation in the
and characterization of bromide derivatives were also reported. expression for the rate constant, the magnitude of the electronic
The low dimensionality of these compounds makes them coupling determines whether an ET process is adiabatic or
especially suitable for theoretical analysis as noted by Sherwoodnonadiabatic.
and Hoffmanf who performed a study of the band structure of ~ Quialitatively, the properties of mixed-valence compounds are
usually rationalized on the basis of the Robin and Day
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classification according to their potential surface shapes, whose o Active Z
features can be roughly estimated by taking into account the
electronic coupling between the diabatic states and the reorga-
nization energy. In a recent work, we repoffeoh an estimate

for the electronic coupling for the [GGle]3~ system as an
application of a procedure to build up dedicated molecular
orbitals specially tailored to compute the observaligfrom
configuration interaction (CI) calculations within a 2 2
effective Hamiltonian framé! In the present paper we report
on a theoretical study of the main factors governing the size of
Vap and the shape of the potential energy surfaces. For this
purpose, energy profiles for both diabatic and adiabatic states
along idealized electron-transfer reaction coordinates have been
computed. The work is mainly addressed to the Jj{Eu,-

Cl4] Willett system, in which the two copper centers are bridged
by two chloride ions, however, to analyze the influence of the
ligands, some models in which the copper ions are bridged
through OH and SH- ligands will also be considered. Because |Front Y |Right Y
the computation of the electronic coupling at the CI level as |Z_ X Z_]X
reported in refs 10 and 11 is too cumbersome for a systematic
study, the calculations in this work have been performed by Y
exploiting the unrestricted Hartre&ock broken-symmetry O
wave functions as implemented in the HONDO 8.4 progtam.

Hg,
\\% s
‘/

N
=lge®

~,
'

PaRS
L
Rve

/
N,

v N
S

2. Models

The structure of [NEJ[Cu.Cl4] reported by Willet et al. can
be described as a chain of Cu@trahedra sharing edges, with
a repeat unit of four copper atoms (Figure 1). In this chain
there are two nonequivalent copper sites with different-Cl Figure 1. Unit cell for [NEt][Cu,Cls ] compound. The tetraethylam-
lengths. Cti ions are on sites witlD, local symmetry, and monium cations are represented by isolated spheres.
exhibit shorter Cu-Cl distances than those of Gzenters which ) )
are on sites wittDq local symmetry. ThéD, local geometry ~ Sa@me as that of the ending CuGlnits and thus, the local
is close to the flattened tetrahediBdy structure arising from ~ Symmetry on the metal centers is almbg#. Notice that unless
Jahn-Teller distortion of CuCP~ ion, but with a CuG plane at the crossing seam conflguratlon, the metals are not equivalent
rotated by 27.3 while theD,q centers result from a compression  @nd that the full symmetry i€, . The bond distances and

of the CuC} angle at the Clsite from the tetrahedral value to bond angles of these clusters have been idealized according to
9. the experimental data and have been summarized in Table 1.

Also, with the aim of examining the features of models closer
to that of the Willett system, we have also performed a series
of calculations in which the dihedral anglebetween the Clt

cl
/ Cl, planes has been varied. These twisted models will be
ca 0/ de—cl_ labeled as t-Cl (Figure 2).
\CI/C“ On the other hand, to investigate the effects due to the ligand

nature on the electron-transfer matrix element in the-Qui'
system, two more different bridges were considered. In these
models, the chlorides bridging the CuQ@inits are replaced by
OH~ and SH groups. This replacement gives rise to four
models more that will be denoted as I-OH, I-SH, 1I-OH, and
To model the Cl+Cu' system of this chain we have selected 1I-SH (see Figure 2). The geometry of these models were
a cluster of formula CiCleg®~ which is the same unit used by idealized using the covalent radii of the bridge atoms, keeping
Sherwood and Hoffmann in their extended Huckel MO band the CU—Cu' distance always fixed at 3.1 A (Table 1).
calculations. Basically it consists of two CyGlbunits bridged .
by two chloride ligands with a GuCu distance fixed to 3.1 A 3. Computational Methods

according to the experimental data. Two possibilities were  The general procedure to compute the electron-transfer matrix
considered. In the first one, the bridge plane is assumed to beglement, V., , in the present work is the so-called direct

perpendicular to the ending CuyClnits (model I-Cl) and,  procedure according to which, and within the two-states middel,
therefore, the metal centers haldgy local symmetry. Inthe v/, is computed at the crossing seam as
second model (model II-Cl), the bridge plane is taken to be the

Cl
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1994. C. Proc. R. Soc. London Ser. 1932 137,696; 1933 140, 660.
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Table 1. Distances and Bond Angles (in A and deg)

bridge d(Cu—L) d(Cu'—-L) d(L—L) OL—Cu-L OL—Cu'—L OCu—L—-Cu
OH 2.08 1.99 2.63 78 83 88
SH 2.38 2.3 3.49 95 99 83
Cl 2.34 2.25 3.39 93 98 85
a Parameters for Cl bridge ligands taken from ref 1.
Cly,, /L\ €l Cligy, ot g, anCl e, 1< L> | SO Wine,,, 1 L> S
Cu” oy e e ~ Cu Cu- — Cu Cu <
CI/GJ\L/ \Cl , Cl/ \L/ \Cl — - \ « / y T
model I x)_ “ model II
L =0l OH, SH R P

Figure 3. Schematic representation of the electron-transfer process
between Cu centers. The changes in the-Clibond lengths are
overestimated to emphasize the nuclear relaxation taking place along
the reaction.

larger basis sets were carried out on models I-Cl and llegl (

= 0.7, 0sp = 0.0433). Since the differences \fy, were less
than 5%, it was decided not to enlarge the basis set to speed up
the calculations.

model t,L =Cl

Figure 2. Models used to represents the JCU'L,Cu'Cl,]*~ mixed- 4. Results and Discussion
valence system. The ET reaction in the Ca-CU' system is accompanied by

a change in the geometry of the metal centers in order to

tion of the electronic HamiltoniartH on the basis of the
nonorthogonal diabatic statéé, and Wy: Haa = [WoH|WJ[)
Hob = OWp|H| WL Hap = [Wa|H| W] and Sy = [Wa| WLl The

accommodate to their new formal charge as shown in Figure 3.
As stated aboveY,, is computed at a nuclear configuration
corresponding to the crossing seam between the two diabatic

diabatic states correspond to the charge-localized valence bondurfaces; however, the determination of the geometry of such a
structures which characterize reactants and products, while thepoint (the absolute minimum in the crossing region) is quite an
adiabatic states are the eigenfunctions of the electronic Hamil- involved task. Although computational procedures have been
tonian. The computation of these quantities has been carriedproposed to optimize the geometry of that point, in the present
out using the corresponding orbital transformatfoms imple-  work this geometry was estimated assuming that the crossing
mented in the HONDOB8.4 program. For more details, see seam corresponds to a symmetric nuclear configuration repre-
appendix of ref 15 . As diabatic wave functions, the broken- senting halfway between reactants and products. Effectively,
symmetry unrestricted Hartre€ock (UHF) solution®-18 have within a CwCl4L, unit, reactants and products can be considered
been used. as mirror images connected through a symmetric configuration
The ab initio UHF calculations were undertaken with the use corresponding to the transition state. This assumption can be
of the effective core potentials (ECP) proposed by Stevens etsubstantiated, on the other hand, on the grounds of the Condon
al1® For Cu atoms the electrons explicitly described were those principle according to which the electronic coupling between
of 3s, 3p, 3d, and 4s shells, while for Cl, S, and O, only the two surfaces depends slightly on small coordinate variafiéns.
valence electrons were taken into account. The basis sets used This scheme allows for a straightforward definition of a
for these atoms were of doubfetype for sp shells, and triplg- reaction coordinaté which linearly mixes the geometries of
for Cu d orbitals. The contractions were (8s8p6d)/[4s4p3d] for reactants@.) and productQy) in such a way that
Cu, and (4s4p)/[2s2p] for CI, O, and S atoms. For hydrogen
atoms, the standard (4s)/[2s] contraction of Dunning was chosen. _&+1 §-1
With the aim to check whether the inclusion of either polariza- Q= 2 Q- 2 Qa (3)
tion functions or diffuse functions on the bridge atoms could

affect the values oWa, some preliminary calculations with  whereQ is the nuclear configuration at any point of the reaction

path (for§ = —1, Q = Q, lone electron localized on the left;
for £ = 1, Q = Qy, lone electron localized on the right; the
crossing seam occurs fgr= 0).

Geometry Effects.Let us assume that the initial electronic
arrangement corresponds to a fClg]3~ unit in which the lone
electron is localized on the left (Figure 3). The ground state
for this complex corresponds to an open-shell configuration with
the unpaired electron occupying & €u' orbital B, state).
The ET reaction involves the jumping of an electron from the
doubly occupied molecular orbital, MO, essentially built from
the d, Cu atomic orbital toward the single occupied MO
which essentially corresponds to thg dtomic orbital of Ct
center. The jumping can occur, on the other hand, either

(14) King, H. F.; Stanton, R. E.; Kim, H.; Wyatt, R. E.; Parr, R. &.
Chem. Phys1967, 47, 1936.
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D. J. Chem. Phys1987 87, 926. (b) Broo, A.; Larsson, SChem. Phys.
199Q 148 103. (c) Ohta, K.; Closs, G. L.; Morokuma, K.; Green, NJ.J.
Am. Chem. Sod986 108 1319. (d) Liang, C.; Newton, M. DJ. Phys.
Chem.1992 96, 2855;1993 97, 3199. (e) Newton, M. DJ. Phys. Chem.
1988 92, 3956. (f) Ohta, K.; Morokuma, KJ. Phys. Chenml987, 91, 401.
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R. J. Phys. Cheml1991 95, 8434.
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CuZ,CIG'3 systems |-Cl, lI-CI, t-ClI
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Figure 4. Left) Potential energy profiles for I-Cl and 1I-Cl models versus the reaction coordiafbe solid lines correspond to the adiabatic
states and the dashed lines to the diabatic ones. (Right) Variation at the crossing seam of the coupling and diabatic energies with respect to the
torsion angled for model t-Cl.

through the crossing region or as a vertical transition between Let us now analyze the dependence on the dihedral a&hgle
these?B, states (the optical transfer). Concerning planar models, between the CICl, planes. First of all, it should be noted that
the single occupied MO is essentially thg @u' orbital and model I-Cl is the closest one to that of the Willett system in
the ET process involves a jumping from the doubly occupied which the two-state theory for ET reactions could be strictly
dy, CU orbital, while the optical transfer occurs through a applied since upon twistingxgand ¢, orbitals mix and, in fact,
transition between ground and first excité®} states. we have to deal with a four state system?B2 + 22B,).
The potential energy surface cross sections for such ET Bearing in mind that the two-state framework is no longer valid,
processes, as a function of the reaction coordigzaee reported we have looked for two well-localized partner states and
for chloride derivatives in Figure 4. As can be seen, both analyzed the evolution of the diabatic enerdigg, at both the
models feature well-defined diabatic wells; however, there is a minima and the crossing seam geometries as well as the coupling
noticeable difference between these curves as while model I-ClelementV,, Results for this twisted model, t-Cl, are also
shows only one adiabatic minimum, model Il exhibits two reported in Figure 4. Starting from model I-@&@,= 90°, Egiap
adiabatic minima. In other words, model I-Cl behaves as type decreases on increasifigreaching a minimum foé = 105—
Il and model 1I-Cl as type Il. The reason for this is due to the 108. Notice that although these values are diabatic, the
different balance between the reorganization energy and thedeviation of@ from the perpendicularity (£518°) is found to
electronic coupling for these models. The reorganization energy be in quite good agreement with the experimeht 90 +
arises mainly from the change in the €l bond distance on  27°).
going from the seam toward the diabatic minima: there is a A similar evolution is found forVa, whose value rapidly
lengthening in the Cl-Cl bond distance and a shortening in  decreases when the states are allowed to mix and then slowly
the CU—Cl one. Assuming that these nuclear relaxations are increases for larger values @f At the geometry corresponding
similar for both models, the different behavior would be to the minimum of the diabatic energ§,=108, Vay is found
governed by the magnitude of the electronic coupling. A to be 945 cm!. There are no experimental data on this
relatively large electronic coupling would lead to type Ill particular system; however, this value agrees quite well with
behavior while for smaller couplings types Il or | should be those reported, for instance by Westmoreland &% fir half-
observed. Effectively, for cluster I-Cl, the calculation of the met-L derivatives of hemocyanin. These authors found from
electronic coupling leads to\a,, of 1528 cnt! while for model spectroscopic analysis, and using the Hush formatisvajues
[I-Cl, Vg is found to be 764 cm' (these values are those of V,, ranging between 790 and 1200 chdepending on the
computed at the seam, but they change only moderately alongnature of the bridge.
the reaction path in agreement with the Condon principle.) (21) Hush, N. STrans. Faraday Sacl961, 57, 155.




Calculations of the Electron-Transfer Matrix Element

Table 2. Electron-Transfer Matrix Element¥,, Adiabatic
Activation EnergiesEzd, and Optical Transition EnergieEy,, for

I-Cl, 1I-Cl, and t-CI Models with Different Representations for the
Environment (cm?)

model environmeit Vg E;d Ep  type
I-Cl without 1528 3060 I
(0.1,0.2) 1538 294 4930 II*
(0.2,0.4) 1553 1095 6100 I
N 1514 3030 1
N(0.1,0.2) 1524 210 4680 II*
N(0.2,0.4) 1538 1014 5840 |
I-Cl without 764 14 1890 I
(0.1,0.2) 764 290 3360 II*
(0.2,0.4) 767 1137 5800 I
N 725 1450 1l
N(0.2,0.4) 728 1084 5580 I
t-Cl (6 = 108)  without 950 360 4186 II*
(0.1,0.2) 938 853 5348 I
(0.2,0.4) 966 1724 6666 I
N 991 94 3952 |I*
N(0.2,0.4) 971 1486 6360 I

aValues between parentheses correspond,tand g, charges, N ; .
means that the calculation was done including the effect of the NOW type Il behavior. On the other hand, model II-SH is found

counterion (NEJ)*. ® Type of mixed-valence system according to the to be similar to the I-SH one. In summary, the change in the

Robin—Day classification. *Notice that although they are conventionally geometry around the metal centers involves a variation in the
of type Il, the adiabatic barrier is of the order or less thah.

The lowering ofVy, together with the small increment in the

J. Am. Chem. Soc., Vol. 120, No. 5, 1058

summarized, the adiabatic barrie?;d,Es found to be too small
(360 cnt?t) for a proper type Il behavior. With respect to the
optical transfer, the experimental electronic spectrum shows
bands at 5800, 10 000, and 15 870 émthe latter being
assigned to the intervalence charge transfer. From the adiabatic
energies at the reactant (or product) configuration for the twisted
model, the transition energy computed for this band is 4186
cm™1, a value noticeably lower than the experiment, suggesting
that the model needs to be improved.

Bridge Effects. Results obtained for the models in which
the CuC} subunits are bridged by the groups Oldnd SH
are summarized in Figure 5 and Table 3. The energy profiles
for compounds I-OH and I-SH show a clear dependence of the
coupling on the nature of the bridge. Thus, for model I-OH,
the coupling is small\{p = 82 cn1?), and the curves correspond
to type I, while for I-SHV,, = 506 cnT?, and a profile of type
[l is again observed. As already mentioned (see Table 2), on
going from the perpendicular I-Cl to the planar 1I-CI model,
Vap is found to be decreased by50%. However, for II-OH
there is a dramatic increment in the electronic coupling showing

Vap Values whose size and direction depends largely on the
bridge nature. Similar trends have been reported by Newton

reorganization energy for the t-Cl model, gives rise to the etall”in their analysis of the ET reactions occurring irtFé"
appearance of two adiabatic minima; however, as shown in and RE™3" systems with NJand HO ligands. These authors
Table 2, where the results obtained for Cl derivatives are showed how the ligand nature as well as the character of the
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Table 3. Electron-Transfer Matrix Element¥,, Adiabatic

Activation EnergiesEzd, and Optical Transition Energieg,, for
OH and SH (in cm?)

model

environment

Vab

+
Ead

type

Calzado and Sanz

Table 4. Relation between the Electron-Transfer Matrix Element,
Van, and the Overlap of the Diabatic Wave Functidhs

model  Vaf Sl E= c ¢

Eop I-Cl 1528 451x 102 481x 102 3.4 3.2
1—OH without 82 1539 4450 Il I-OH 82 3.26x 1073 3.48x 1078 25 2.4
(0.1,0.2) 68 2168 5900 Il I-SH 506 1.45x 1072 1.56x 1072 35 3.2
(02,0.4) 56 3183 7500 I II-Cl 764  220x 102  244x 102 33 31
11—OH without 1143 734 5360 1 11-OH 1143 3.48x 1072 3.71x 102 3.3 3.1
(0.1,0.2) 1145 1294 6700 I II-SH 539 1.69x 1072 1.81x 102 3.2 3.0
(0-2,0.4) 1152 2238 8200 I aSame values that in Tables 2 and?® = 107 Va/|Su, ¢ = 1074
I—SH without 506 1010 1 Vatf |59,
(0.2,0.4) 534 594 3900 I
II-SH without 539 1080 n final states are written in a compact form such as
(0.1,0.2) 547 14 1520 ¥
(0.2,0.4) 547 514 4150 1

WY_ = |core d,d, &
aValues between parentheses correspong émdg, charges® Type

of mixed-valence system according to the Retlibay classification.

*Notice that although they are conventionally of type I, the adiabatic

barrier is of the order or less thdaT.

W, = |corg, d, &, & (6)

the core orbitals for each state undergo different relaxation
active electron (either afor a g) determine the size of the  effects and therefore they do contribute $g However,
electronic coupling. assuming that such a contribution is small, the two diabatic states
A classical topic in the theoretical study of ET reactions is differ only by one occupied orbital, thé-spin HOMO,, in
the analysis of the through-bond (TB) and through-space (TS) statea anda, in stateb, and thereforeVay is proportional to
contributions toVa,® The usual way to estimate the TS  the overlap between these two orbitals. Actually, in terms of

contribution is to comput®a in a similar system but without  the corresponding orbitaly}, the overlap betweel, and
the bridge. Attempts to converge the SCF UHF procedure on g, is simply written:

the CbCu—CuCk cluster for the present work failed, preventing
us from using this type of analysis. An alternative approach to
the TS contribution is possible Wy, is computed for théB;
states. Effectively, taking model I-Cl, the lowéBy state (only

3.9 x 1074 hartree above the ground state), involves the lone
electron occupying thexgdcopper orbitals, i.e., those perpen-
dicular to the bonding rhomb, and therefore, it is expected that
the ET will occur through a direct mechanism in which the
electron jumps from a Cugorbital toward the other. The value

of Vap calculated for this state is only 86 ¢ suggesting that
the TS mechanism is of minor importance in this system. This
result agrees, on the other hand, with the large dependence o

Vap 0N the nature of the bridge, as already discussed. table, the ratio betweeW,, and either the whole overlafy,

To understand the effects of the bridge onthgelement, a  (c) or just the overlap among the active corresponding orbitals
careful examination of the main contributions is needed. With to s‘;ﬁ () is also displayed showing how eq 5 holds in these

this purpose in mind an analysis, which roughly follows that systems.
performed by Koga et af in their study of the ET reactions in
methylene chains, was carried out. In principle, one can expect
that the following approximate relationship is satisfied:

Hap = StHaa U S 4)

N
Sp= W W= |_| S (7)

whereN is the number of occupied orbitals agfj represents

the overlap between the corresponding orbital pairs. In the
present calculations these values were always found to be larger
than 0.9 with the exception of the active pair, whose overlap
st = 39 s noticeably lower. According to thi§,, can be
]approximated bys!2 as can be seen in Table 4 where both
guantities are reported for the models considered here. In this

The reduction fron,, to sgg involves a large benefit in the
analysis of the ET process since this can now be performed in
terms of the actived-spin HOMO corresponding orbitawg
andy; (i.e., from a one-electron point of view). On the other
hand, these orbitals are, in our case, mirror images at the
crossing seam. The contour maps ofxﬂe)rbitals for the six
models are reported in Figure 6. Figure 6a,c,e corresponds to
models I-Cl, I-OH, and I-SH, while Figure 6b,d,f are those of
models II-Cl, [I-OH, and II-SH, respectively. Starting with
models of type |, it can be seen that these orbitals are mainly
(cm )~ 3 x 10 cm ™ + 10% (5) Cu' dy; orbitals with orthogonality tails on Cgenter; however,

Syl the tail is clearly larger for compound I-Cl, and therefore it
seems obvious that the overlap with its corresponding orbital,
Moreover, an ET reaction between a donor, D, and an acceptor,mainly centered on Gy has to be larger in agreement with
A, is a process involving not only the active orbitals among its largerVa, value. On the other hand, comparison of parts ¢
which the ET occurs but there is also an electronic rearrange-and e of Figure 6 shows that understanding the differences
ment of the inactive orbitals (those whose occupation remains between I-OH and I-SH is not only a matter of the size of
unchanged) because of the different polarization. In other the tails but that a more detailed analysis is needed. For
words, if the diabatic wave functionE, andW¥, for initial and this purpose it is useful to dividéjﬁ into one-center and two-

and sinceSyy is small,Vapis proportional to the overlap between
the diabaticW, and W}, statesSy, Actually, the following
relation betweerV,, and Sy, has been proposed by Newtbh:

Vab
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Figure 6. Active S-HOMO corresponding orbitals for the different models.
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Table 5. One- and Two-Center Contributions to the Overlap between the Correspgfii@MOs of Diabatic Wave Functions

4
3"1..,._..A B_‘_',,..uZ'
3= T~
2
&
one-center two-cente?
model A 1(4) 2 A-B A-1 A-2 A-3 A-4 1-4
I-Cl 0.0264 —0.0195 0.0008 —0.0136 0.0118 —4 x 1075 0.0004
I-OH 0.0033 0.0091 0.0013 0.0104 —0.0068 —2x 10°° 0.0009 0.0017 —0.0047
(0.0049)
I-SH 0.0068 —0.0195 0.0005 —0.0166 0.0131 —9x 10°° —0.0002 —0.0018 0.0061
(0.0081)
11-Cl 0.0106 —0.0173 0.0069 —0.0131 0.0129 —0.0001 —0.0029
11-OH 0.0232 0.0072 —0.0045 0.0124 —0.0077 —3x10° 0.0028 0.0016 —0.0051
(0.0047)
1I-SH 0.0201 0.0168 —0.0071 0.0150 —0.0133 0.0003 0.0023 0.0009 —0.0059
(0.0082)

aFor one-center overlaps: 2 1',2=2 = 3= 3, 4= 4. P For two-center overlaps: A-B-B-A,A-1=A-1"=B-1=B-1,A2=A-2'=
B-3=B-3,A-3=A-3 =B-2=B-2, A-4d=A4 =B-4=B-4,1-4=1-4.

center contributions: clusters is quite limited because it gives rise to an excessive
polarization, since the electronic cloud can spread over them.
da | 1 For this reason, instead of using naked charges we have
Sab Zsab Zsab represented the two nearest copper ions by means of total ion
h potentials, TIPs, which hereafter will be denoted simplygas
and .. These TIPs were described through a Cu large core
Hay—Wadt effective core potential without basis functigs:

Nat Nat

whereNat is the number of atoms, arg],, sy, the one- and
two-center contributions, are computed using eq 13 of ref 18.
The results are summarized in Table 5. As can be seen from
this table, there are positive and negative contributions which
correspond to in-phase and out-phase arrangements of the active
orbitals. For I-SH, the one-center contribution arising from the
metal atoms is almost twice that of I-OH but is largely
compensated by the negative contribution arising from the bridge . . .
atoms (-0.0195 against 0.0091). The two-center metaktal The first problem to solve then is the choice @f and g,

contribution for I-SH is also negative-0.0166), thus diminish-  Since although in principle the formal charges$ and+2 could
ing the total sgﬁ however, such contributions are clearly be assumed, preliminary calculations showed that these values

compensated by those due to the-Glipairs (A-1) which are are too large since they give rise to an excessive stabilization
positive (0.0131) while those of GtO are negative. A similar of the minima leading to unrealistic adiabatic energiedq

analysis can be performed on the planar models. The one-centekcal/mob' These results suggested to us the use (.)f partial
Cu contribution for 1I-OH is an order larger than for I-OH in charges obtained from a Mulliken population analysis. The

agreement with the larger value ', computed for model II- Mulliken charge for copper ions compu'ted at the seam is 0.27

OH. For compound II-Cl, this contribution decreases ap- for compound I-Cl (notice that at that point, both copper centers

preciably and since the remaining contributions are quite similar, are equ!valent) thus, a reasonable guessllfand_qg 's 0.2 and

Vap lowers accordingly. 0.4, vyhlch would Igad to_a c.harge oi =g = 0.3 qt the
Environment Effects. The theoretical calculations on I-CI ~ C0SSing seam. This choice is, however, rather arbitrary and

and t-Cl models, those closer to the experimental system studieol'ke'y overestimated, so we have also tested a second set of
by Willet et al., give rise to an estimate gf, in good agreement charges namely 0'1. and 0'.2' . -

with the proposed values for related systems but leads to a too The results obtained with this embeddeq descrlptlon for
small adiabatic barrier for the t-Cl model. This model also fails SYS€MS t-Cl, I-Cl, and II-Cl models are also included in Table
in the prediction of the optical transition. These failures suggest 2 In the calcul_atlon of these energies, the qharg@lm’n_dqz
that a model based on isolated,Clé2~ units is not good enough is smoothly varied along the reaction coordinate, for instance

and that the influence of the rest of the chain as well as that of o™ (02, 0.4) to (0.4, 0.2), accordlnglj to a concerted and
the counterions should be taken into account. adiabatic electron transfer from Cww CuU'. As can be seen,

At first sight, the main limitation of the models is the lack of ”;e t‘:a'n“ies Of\/l?; are Tr'r']ghtt'%n[j“"d'fr']zd’ms“?mr‘g rfcl";‘t n‘r*]‘qe "
polarization along the chain direction. Such polarization could electronic coupiing IS aimos ependent ot the environme
in principle be represented by introducing an electric field in description in agreement with the theoretical results of Farazdel

the chain direction which, according to Farazdel et@alvpuld et al. as well as with experimental observatiéhs.

lead to a stabilization of the diabatic minima. The simplest On the ot_h_er Ijand, the Interaction W!th the f|eld_|nduce_s a
way to represent this field is just to place point charges at the general stabilization of the system which increases with the field.

ideal copper positions both on the right and on the left of the At the crossing seam, this stabilization is mainly due to a
models. However, the use of plain point charges to embed the (22) Hay, P. J.; Wadt, W. Rl. Chem. Phys1984 82, 270.
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Figure 7. Summary of the environment effects on the energetic parameters at the minima and crossing seam regions. The lines correspond to the
ground and first excited adiabatic states for reactants and products with (dashed) and without (full) the external electric field. The presence of th
chargeqqi,q) stabilizes preferentially the ground state (and destabilizes the first excited state) in the minima region inﬁ*agaﬂidg‘:op.
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Figure 8. Potential energy profiles for I-Cl model versus the reaction coordigatethe presence of the chargés,q). Solid lines correspond
to adiabatic states; dashed lines, diabatic.

polarization induced by the charges. However, out of the the reorganization energy becomes high enough to compensate
crossing seam, there is an additional stabilization due to thethe electronic coupling leading to a correct description as type
interaction of the electric field and the dipole moment of the Il in the Robin—Day classification, as shown in Figure 8 where
cluster as sketched in Figure 7. This interaction produces anthe energy profiles for the set (0.2, 0.4) are drawn. For the
increment of the reorganization energy leading to a relative same reason, the energy for the optical transitions raises, leading
stabilization of the diabatic minima, and for an almost constant to improved values, although they still are lower than the
electronic coupling, to a relative stabilization of the adiabatic experimental ones. This discrepancy is likely due to the lack
minimaf,, as shown for models t-Cl and II-Cl. Such a of electron correlation in the UHF wave functions. The effect
stabilization increases the adiabatic barrier, and this effect is of the electric field on the electron coupling and minima

larger when the charges increase. For model I-Cl, the incor- giapjlization for models I-OH, 1l-OH, I-SH, and 1I-SH were also
poration of environment effects is more dramatic since now, analyzed and the results are reported in Table 3.

't%zi) (éll) '(:jraETzetn" SF-g I?dOXEflrr,EIS- (t3 M$nipU|fatiQn IOf ET Reagion Rates A further interesting point in this analysis is to examine the
‘;Vr']d Bi%‘fo'gical g;é{gmgolfén J_e%_ror,\],lat?gas e,\rl_'nMré(L’g]n%nc;ﬁ’ Gr_gaEnég_. dependence of the TB and TS contributions on the presence of

Advances in Chemistry Series 228; American Chemical Society: Wash- the polarization field. As stated above, the TS contribution can

i(”?topr," DG 1991 (b) Crutchley. R;tf‘dM Inorg. Chem 1994 41, 273. - be estimated by computirigs, for 2By states. Itis found that
c) Paez-Tejeda, P.; Benko, J.; bez, M.; Gala, M.; Lopez, P.; e
Dominguez, M.; MoyaM. L.; Sanchez, F.J. Chem. Soc., Faraday Trans ~ Vab diminishes by 10 cm* for set (0.1, 0.2) and by 29 crh

1996 92, 1155. (d) Grampp, G.; Rauhut, G.Phys. Chenl995 99, 1815. for set (0.2, 0.4). Although these values are numerically small,
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functions. Although this procedure, commonly called as
diabatic”, is quite tedious, it allows the electronic coupling to
x z be estimated at a reasonable computational cost. Also, as an
additional benefit, it allows for an interpretation from a one-
electron point of view. However, these diabatic states are not
correlated, and one can wonder if electron correlation effects
Figure 9. Schematic representation of the models including the effect arg significant enough to, Changg our COﬂC|.USIOnS. To check
of the [NEt]* counterions. this, we have performed single-point calculations on model I-Cl
and t-Cl but using a correlated adiabatic approach. For this,

they represent the 11.6% and 33.7% of the TS contribution to W& have computed the adiabatic energies at the crossing seam
Vs indicating a stronger dependence than for the TB one. TheseTom density ‘functlonal theory, DFT. For the exchange, the
results can be rationalized on the grounds of the overlap Nybrid Becke’s three parameter functional was chddevhile
differences induced by the electric field. Effectively, the fof correlation, we used the Lee, Yang, and Parr functinal
presence ofy, and g polarizes the electronic density on the (B3LYP). The values obtained were 1751 chand 975 cm?,
bonding rhomb lowering the wave function amplitude in this Which agree quite well with those reported in Table\z, =
region for both?B; and 2B, states, however, this effect is 1528 an_d 950 (_:ml._ Therefore, it appears _that, as far as the
compensated in tHB, states by the increment in the contribu-  €/€ctronic coupling is concerned, the diabatic way seems a good
tion arising from the ending GtCl, groups. ph0|ce, at least for the system. here cpn&dered. of course this
is not the case for the electronic transitions where, as it is well-
known, the effects of electron correlation are expected to be
larger.

The influence of the [NEB}™ counterions will now be
considered. The unit cell of [NE{Cu.Cl,] is constituted by
two (CwCly), chains and four [NE}™ cations with the ethyl
arms fully extended, see Figure 1. As shown, the cations are
grouped by pairs, and somewhat off-centered from the perpen-5. Concluding Remarks
dicular line across the center of the Cp@li rhomb in such a

way that the N-N line lies closer to Cu(l) centers. As for the In this paper we have carried out a theoretical analysis of
Cu ions, the [NE{* cations have been represented through an some factors governing the electronic coupling in bridge-Cu
effective core potential without basis set and a charge@b Cu' mixed-valence compounds based on ab initio Hartree

which correspond to a formal charge ofl shared by two Fock calculations. Starting with a basic model of formula
chains. The profile energies for these models are computedCl,CUL,Cu'Cl,, the influence of the bridge, (& Cl~, OH~,
assuming that at the crossing seam both copper atoms areSH™ ) and the local geometry around the Cu centers have been
equivalent and, therefore, at this point the two [lEtcations examined. The electronic coupling matrix eleméfyt, is found
have to lie just on the perpendicular line to the rhomb center asto be extremely sensitive to these structural parameters.
depicted in the same Figure 9 for system I-Cl. This assumption Although interpretation of these results is quite involved, we
would avoid any residual polarization along thexis at the have found how it can qualitatively be rationalized by examining
crossing seam, but just to include the effect of the field along the overlap between the active corresponding orbitals and,

the x direction. quantitatively, in terms of one- and two-center contributions
The results for these calculations with and withquanddg, according to the partition proposed by Koga et al. Also, the

charges are also reported in Table 2, entries labeled by N. Asthrough-bond contribution is estimated to dominate the coupling

found in the preceding section, the effect on Yhgvalues for in agreement with the observed dependendéebn the bridge.

both I-Cl and 1I-Cl models is almost negligible, showing again ~ The computation of the energy profiles along idealized
the low dependence of the electronic coupling on the external reaction coordinates for the electron transfer betweena@d
field. However, some significant differences are observed on Cu' centers shows that it is necessary to include the effect of
the potential surface shapes. Thus, in the absengeaidq, the surrounding copper cations to reproduce correctly the type
charges, both I-Cl and II-Cl systems behave as type lll, and Il behavior within the RobirDay classification reported by
the correct type 1l behavior is only obtained when the lateral Willett for the [NEy][Cu.Cls] chains. We have shown how
chargesq; and g, charges are introduced, except now, the the inclusion of these polarization effects leads to stabilization
adiabatic barriers are smaller. In other words, while the of the adiabatic minima and to a better estimate of the
electronic coupling remains almost unchanged, the stabilization intervalence charge-transfer electronic transition associated to
of the diabatic minima induced by the [NfEt cations acts the optical electron transfer. However, it still appears to be
against that ofgq; and g, charges. These results can be noticeably lower than the experimental value, likely due to the
understood by taking into account the electric field component lack of electron correlation. The effect of [NfEt counterions
along thez direction introduced by the [Ngt" cations. Thus, has also been examined and found to play only a minor role on
for reactants¢ = —1, there is a nex component of the field, the energy profiles although in the contrary sense to that of the
F., which now points in theopposite directiorto the cluster surrounding copper ions. However, for a given model, both
dipole moment. Therefore, the diabatic minima are relatively the presence of the counterions and the surrounding copper
less stabilized with respect to the crossing sefrs,0, where centers do not seem to modify significantly the electronic
F,= 0. For a similar electronic coupling, the behavior of model coupling but just the adiabatic barriers. This low dependence
II-Cl is changed from type Il to type lll. For mixed models of the electronic coupling on the environment agrees with
(INEtg]* + (01, g2) charges), the component of the electric ~ specific experiment in which a small influence of external
field is dominated by i, gz) and type Il for both models is  electric fields on the electronic factor on ET reaction rates has
again observed although with smaller adiabatic bariiggs been observetf® Also, these results agree with experimental
Finally, some remarks concerning the methodology used herekinetic findings according to which for a given doracceptor
will be addressed. All the calculations have been carried out ™ (24) Becke, A. D.J. Chem. Phys1993 98, 5684
by exploiting the properties of the UHF broken-symmetry wave  (25) Lee, C.; Yang, W.; Parr, R. ®hys. Re. A 198§ 38, 3098.




Calculations of the Electron-Transfer Matrix Element J. Am. Chem. Soc., Vol. 120, No. 5, 1068

pair, the electronic couplingap is found to be almost constant, deserves a more careful analysis, and work in this direction is
and the different reaction rates observed are explained in termscurrently being carried out in our laboratory.

of differential reorganization energies arising from the interac-
tion with the solveng3b—d

Finally, the magnitude of the electronic coupling computed

from UHF broken-symmetry wave functions has been compared
with those obtained from higher level correlated calculations.
It is found that the UHF values are at most 15% lower than
those computed from DFT calculations. However, this aspect JA972454A
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