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The Electron Transfer Process in Mixed Valence
Compounds with a Low-lying Bridge in Different

Oxidization States

Yu-Ying Yang, Xiao-Quan Zhu, Jean-Pierre Launay, Cheng-Bin Hong, Shao-Dong Su,
Yue-Hong Wen, Xin-Tao Wu and Tian-Lu Sheng

ABSTRACT: To understand electron transfer process with hopping or superexchange mechanisms is very
important for the design of novel electron transfer materials. In this work the mixed valent compounds with
the isocyanometal-ligand bridge in different oxidation states as models for the investigation of electron
transfer process. Thus, we have designed and synthesized a series of trimetallic isocyanidometal-bridged
compounds [CpMex(dppe)Fe(u-CN)Ru(dmap)s(u-NC)Fe(dppe)CpMex]™[PFe]n (N™[PFe]n) (x = 0, 1, 3, 4
and 5, N =1-5; n=2-4). N*[PFe]; and N*[PFe], are the one- and two-electron oxidation products of
N2*[PFe]2, respectively. All the compounds have been fully characterized including by single-crystal X-ray
diffraction structure analysis excepting for 1* and 2*. The tri- and tetra-valent compounds N**[PF¢]s and
N*[PFs]s4 possess a low-lying cyanidometal-bridge which are lower and slightly higher than the terminal
metal centers, respectively. The spectral data indicate that all the trivalent compounds are highly delocalized,
while the degree of electron delocalization of tetravalent compounds increases as the donor becomes stronger.
The electron transfer potential energy surfaces (PESs) of N3 and N** were constructed by the three-state
model analysis. The ground state PESs of the trivalent compounds shows that the minimums of the two
degenerate excited mixed valence states overlay with the bridge ground state, which well explains the fact
that the bridge-state and mixed-valence states are simultaneous observed on the IR timescale. The PESs
results show the hopping mechanism is dominant for the ET process of all the trivalent compounds N**[PFs]s.
For the ET process of the tetravalent compounds N*[PFg]s, however, both the hopping and superexchange
mechanisms may coexist and the hopping mechanism may be more favored as the donor becomes stronger.
For 1** with the weakest electron donor both the hopping and superexchange mechanisms are present. For
5% with the strongest electron donor, however, the hopping mechanism is complete dominant for the ET
process.

Introduction

Electron transfer (ET) exists in nature and plays an important role in the physical, chemical, biological and
material sciences.™® Mixed-valence (MV) compounds with two (or more) redox centers in different
oxidation states such as [M™-B-M™!] in which M is metal center or metal cluster and B is conjugated
organic or metallo-bridging ligand, are ideal model systems for the fundamental investigation of the
ubiquitous ET processes.5” Since the Creutz—Taube ion [(NHz)sRu-pyrazine-Ru(NHs)s]** (Chart 1a) was
discovered,® much efforts have been devoted to investigate the influencing factors of ET, such as distance
between the two redox centers and state level of the bridge.%'? The bridge state level affects the ET
significantly. In previous studies, the dinuclear MV complexes with two “Cp*Fe(dppe)” redox center (Chart
1b) can transition from localized to delocalized MV complexes when the bridging-ligand was changed.4
The triarylamine redox systems (Chart 1c) also show a similar result.’>'” Besides, Baraldo and coworkers
made great efforts to control the ET process by changing the linker (Chart 1d).2#*° In these studies, it seems
that the electron is more delocalized when the state level of the bridge becomes lower. Nelsen et al. proposed



that the zero-driving force thermal ET reaction, in which the small energy difference between the bridge and
the redox centers, will significantly lower the ET barrier, and the energy gap from A*-B-D to A-B*-D is very
small.?% Such a bridge can lower the ET activation energy, as shown in Figure 1b. However, most of the
investigated compounds possess a higher bridge state level than the redox centers. Only a few samples with a
low-lying bridge state have been discussed, as shown in Figure 1a.22 12 In this situation, A-B*-D is the
ground state and the A*-B-D and A-B-D* are the excited state. Such a compound, the charge is located in
bridge, is thought to be a mixed-valence character compound.’?> To date, however, no report has been
appeared that how the strength of donor affect the ET process in such a situation.

Chart 1. Some models of the MV compounds
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Figure 1 Diabatic (dashed lines) and adiabatic (solid lines) potential energy surfaces for the three-state
system with low-lying bridge state which is (a) lower than the minimums of mixed-valence states; (b) higher
than the minimums of mixed-valence states but lower than the crossing point of the diabatic mixed-valence
states.

The strength of the electron donor is one of the key factors on electron delocalization. Clifford P. Kubiak
and coworkers have reported a series of RusO-based MV compounds (Chart 1 e).222® The electron-donating
ability and redox potential of the RusO cluster are tuned by the pyridine ligands. The investigation showed
that the strong donor of 4-dimethylaminopyridine can strengthen electron communication, resulting in
electron delocalization on the IR timescale. Our previous studies have shown that the electron-donating
group can tune the electronic communication between two metal centers.?*?> The crystallographic data and
the TDDF/DFT results indicate that, in a stronger donor compound, the electron density distributes more

evenly, and the metallic dr orbitals are more efficient mixing.

In this work, we focus on better understanding how the strength of donor affect the ET process when the
compound possesses a low-lying bridge in the cases as shown in Figure 1. Previous studies had shown that
the isocyanidometal-bridge -CN-M-NC- can lower state level of the metallo-bridge.? % By this in mind, we
have designed and synthesized a series of isocyanidometal-bridged compounds (Figure 2). An oxidizable
metal isocyanide fragment bridges two redox centers of CpMeFe(dppe) (x = 0, 1, 3, 4, 5; Cp =
cyclopentadienyl, CpMe; = 1-methyl-cyclopentadienyl, CpMe; = 1, 2, 4-triamethyl-1,3-cyclopentadienyl,
CpMey = 1, 2, 3, 4-tetramethyl-1,3-cyclopentadienyl, CpMes = 1, 2, 3, 4, 5-pentamethyl-cyclopentadienyl)
fragments, resulting in five compounds [CpMexFe(dppe)CNRu(dmap)sNC(dppe)FeCpMey]?*, N** (N = 1, n
=0;N=2,x=1,N=3,x=3; N=4,x=4; N =5, x=5; dppe = 1,2-bis-(diphenylphosphino)ethane; dmap
= 4-dimethylamino-pyridine). The donor strength can be tuned by the substituents of the Cp ring. First, the
five divalent compounds were oxidized into trivalent with a Fe"-CN-Ru'"'-NC-Fe" construction, N*. All the
trivalent compounds are mixed-valence character compounds which possess a low-lying bridge of Figure 1a.
Furthermore, the trivalent MV compounds could be oxidized into the tetravalent MV compounds M**
(Fe"'-CN-RuU"-NC-Fe"). In contrast with the trivalent compounds, the tetravalent compounds are
symmetrical MV compounds with a low-lying bridge of Figure 1b, as confirmed by the fact that the
minimum of the bridge state is higher than that of the mixed-valence states but lower than the crossing point
(M4) of the diabatic mixed-valence states (see below). The three-state model are applied to analyze the ET



process of the trivalent M®* and tetravalent M* MV compounds.
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Figure 2. Isocyanidometal-bridged Fe-CN-Ru-NC-Fe compounds

RESULTS AND DISCUSSION
Electrochemistry

The cyclic voltammograms (CV) of the precursors CpMex(dppe)FeCN (x = 0, 1, 3, 4 and 5) and
compounds 1252+ were performed in CH;CN/0.1 M tetrabutylammonium hexafluorophosphate (TBAH),
and the electrochemical data are summarized in Table 1 and Table S1, respectively. It can be seen from Table
S1 that the electrochemical potential of the precursors CpMex(dppe)FeCN decreases with increasing methyl
groups of Cp, suggesting the electron-donating ability increases in the order Cp(dppe)FeCN <
CpMe(dppe)FeCN < CpMes(dppe)FeCN < CpMey(dppe)FeCN < CpMes(dppe)FeCN.2” For compounds
12*-52*, the cyclic voltammograms all exhibit three chemically reversible one-electron oxidation waves
(Figure S1). The first wave is attributed to the oxidation process of the bridging Ru center, while the last two
waves are due to the oxidation processes of the two terminal Fe centers, suggesting the presence of
electronic coupling between the two terminal Fe centers in compounds 12*-5%*.28

From Table 1, it is obvious that from 1%* to 5?* the potential separation (AE;) between the two last waves
increases and the potential separation (AE:) between the first and the second waves decreases as the electron
donor becomes stronger from CpFe(dppe) to CpMesFe(dppe). For example, the CV of 1% with the weakest
electron donor CpFe(dppe) yields a smallest redox potential separation AE, of 0.12 V. But for the strongest
electron donor CpMesFe(dppe), compound 52" shows the largest separation AE, of 0.38 V. Indeed, it has been
reported that electrochemical separation is not a good quantitative measure of electronic coupling.?%0 In
cyanidometal-bridged system, however, the larger potential separation might be indicator of a stronger
electron coupling.!®1928.31-38 The Ruz0 clusters system also show the similar result.?22% 34 Therefore, from
the results of cyclic voltammograms it might be concluded for compounds 12-5%* that the electron coupling
between the two terminal Fe increases as the electron-donating ability becomes stronger.

Based on the electrochemical measurement, upon one-electron oxidization the central Ru" of compounds
12*-52* should be first oxidized into Ru". Thus, the reaction of 12*-5%* with one equivalent of Cp.Fe(PFs)
gave rise to the MV compounds 13*-5%* with the Fe"-Ru'"'-Fe'" arrangement. The tetravalent MV compounds
1#-5% with a Fe'-Ru'"'-Fe'"" framework were obtained from further one-electron oxidation of 13*-5%* with a
stoichiometric amount of AgPFs or NOPFs, respectively. Unfortunately, however, the isolation of 1** and 2**
were unsuccessful due to their instability in the solid state that precluded us from obtaining their crystals for
X-ray diffraction analysis and the Mdssbauer spectral data.



Table 1. Half-wave potentials (E1, vs Fc/Fc*) and difference between the redox process (AE) of 1-5 from
cyclic voltammetry at a scan rate of 0.1V s

Ei2(1) Ex(2) Ewe(3) AE1 AE; e

1 025 045 057 070 0.12 104
2 -025 036 055 0.61 0.19 1557
3 027 020 050 047 0.30 1.10x10°
4 -027 0.16 049 043 033 3.51x10°

5 027 o011 049 038 0.38 2.43x106

@ The comproportionation constant Kc is calculated using AE,, which is the potential separation of the two

terminal Fe centers.
X-ray diffraction analysis

Compounds 12*-5%*, the one-electron oxidation products 13*-5%* and the two-electron oxidation products
3*-5% were determined by X-ray diffraction with single crystal diffractometer (12*-52*, 1%*-4%* and 3**-5%")
or with synchrotron radiation (5%). Crystallographic details and selected bond lengths and angles are
summarized in Tables S2-S10 in the Supporting Information. In all the complexes, the two terminal
CpMe,(dppe)Fe fragments are connected by the central isocyanidometal-bridge (CN)Ru(dmap)s(NC),
showing a similar structure except for Cp ring. The structure of 5?* is shown in Figure 3, and the other
structures are shown in Figures S2-S4 in the Supporting Information.

From Table 2, it can be seen that the average values for the Fe-P bond lengths of the trivalent compounds
are longer than those of the corresponding divalent compounds, due to the n-back donation from the Fe
center to the phosphorous atoms. However, it should be noted that the bond lengths of Fe-P (av. 2.1886(15)A,
2.1887(14)A) in 1%* change slightly compared with 1%* (av. 2.1930(12)A, 2.1792(11)A). This may result
from the weakest donor CpFe(dppe) and the charge is more localized in the Ru centers of 1% than others.
Furthermore, the Fel-C1, Fe2-C2, Ru-N1 and Ru-N2 bond lengths are shorter in 13* (1.847(6)A, 1.843(6)A,
1.992(4)A and 1.993(4)A) than in 1% (1.875(4)A, 1.896(4)A, 2.037(3)A and 2.048(3)A), suggesting the
presence of electron delocalization along Fe'-CN-Ru''-NC-Fe" which will strengthen the Fe-Ccn and
Ru-Ncn bonds. Similar phenomena were also observed in M'"-C=C-C=C-M""1*35 The corresponding bond
lengths in 2%*-5%* are similar to those in 1% and shorter than those in 22*-5%*, respectively. These results
suggest that for all the trivalent compounds there exists electron communication or delocalization between
the center Ru" and the terminal Fe'.

For the tetravalent compounds, only the crystal data of 3*-5* were obtained. The structures of the
compounds are in an unsymmetrical Fe"-Ru"-Fe'' arrangement. If the electron were localized, the Fe-P
bond lengths of the two terminal CpMen(dppe)Fe should be significantly different.?® %2 It should be noted
that for the MV compound 5* the Fe-P bond lengths (av. 2.303(3) A vs av. 2.295(3) A) of the two terminal
CpMes(dppe)Fe are virtually indistinguishable within experimental error, suggesting that 5* may be valence
delocalized. Similarly, both the differences of the Fe-P bond lengths for 3* (av. 2.2443(14) A and av.
2.2356(18) A) and 4** (av. 2.253(3) A and av. 2.269(2) A ) are 0.01 A, being significantly smaller than the
expected difference of ~0.06A between Fe'"-P and Fe'"'-P.?5:3¢ Therefore, the investigation of the crystal data
for the MV compounds may suggest the presence of the strong electron delocalization along
Fe''-CN-Ru''-NC-Fe'",



Table 2. Selected Bond Lengths for 1"* - 5™ (n = 2, 3) and 3% - 5**

aFel-p aFe2-p Fel-C1 Fe2-C2 Ru-N1 Ru-N2
12+ 2.1930(12)  2.1792(11) 1.875(4) 1.896(4) 2.037(3) 2.048(3)
13+ 2.1886(15)  2.1887(14) 1.847(6) 1.843(6) 1.992(4) 1.993(4)
22 2.1709(10) - 1.882(4) — 2.032(3) —
23 2.1826(16)  2.1920(15) 1.854(6) 1.862(5) 2.015(5) 2.026(5)
32 2.1823(12)  2.1832(16) 1.902(5) 1.898(5) 2.047(4) 2.037(4)
3 2.2040(11)  2.2124(12) 1.888(4) 1.877(4) 2.040(3) 2.017(3)
3 2.2443(15)  2.2356(18) 1.900(5) 1.887(5) 2.006(4) 1.989(4)
42+ 2.1912(12)  2.1902(10) 1.904(4) 1.914(4) 2.064(3) 2.063(3)
43+ 2.2175(35) - 1.890(12) — 1.991(8) —
44 2.2530(25)  2.2690(20) 1.896(8) 1.890(7) 2.008(6) 1.990(6)
52+ 2.2210(20)  2.2184(19) 1.917(6) 1.905(6) 2.068(5) 2.071(5)
53+ 2.2330(20) — 1.863(7) — 2.010(6) —
54+ 2.3035(30)  2.2945(30) 1.908(9) 1.930(10) 2.012(7) 2.045(8)

a. average Fe-P bond length

«
Figure 3. Molecular structure of 5%*. Hydrogen atoms, [PFs]" anions, and solvent molecules have been
omitted for clarity. Light blue, Ru; orange, Fe; pink, P; gray, C; blue, N.
UV/Vis/NIR spectra

The UV/Vis/NIR spectra of five divalent compounds 12*-52* are similar and all of them contain only one
absorption band at about 27600 cm™ attributed to the MLCT absorption band of the dr—n*(dmap)®” and
Fe''—dppe transition,?® 3-*2 and do not exhibit any absorption band in Vis/NIR region (Figure S5).

Upon oxidation, the spectra of all the trivalent compounds display three new bands in the Vis-NIR region,
and the band at about 27600 cm™ disappears (Table 2 and Figure 4a). The two new bands at visible region



are attributed to the LMCT of the central Ru" (n(dmap) — dn(Ru'")), but the intensity of the absorption
peak (about 3000 M cm™) is significantly weaker than Ru"'(dmap)s (16000 £ / Mt cm™).1 This can be
explained by the fact that there exists electron delocalization between the terminal Fe'' and the central Ru'"',
which weakens the LMCT absorption from n(dmap) to dn(Ru""). The NIR spectra of 1%*-5%* display very
sharp, asymmetric ET bands in the CH,Cl, solution which are observed at 7732, 6708, 5715, 5479 and 5226
cm?, respectively. The maximum absorption wavelength of the trivalent compounds shows gradually
redshift with the gradually increasing electron-donating CpMex(dppe)Fe from 1% to 5°*. As the donor
becomes stronger, the state level is lower. Because the trivalent compounds have a low-lying bridge (Figure
1a), the energy difference AG will become smaller as the donor becomes stronger, resulting in a lower
energy of the photo-induced ET process.

The tetravalent compounds also show strong NIR absorption bands (Figure 4b). The NIR bands of all the
tetravalent compounds appear around 6000 cm? (Table 2). With the Fe'-Ru"'-Fe'" structure of the MV
compounds 14-5%, the Ru"" bridge is also an electron acceptor. The ET process undergoes a three-center
way. Thus, the band in the NIR region is the sum of MBCT and IVCT. The bands in the visible region could
be attributed to LMCT of the central Ru'"' fragment, just like those in the trivalent compounds.

The UV-vis—NIR spectra obtained from the TD-DFT calculations of the trivalent compounds and their
oxidized forms are shown in Figure S16-25. The computed NIR absorptions are in good agreement with the
experimental absorption. For 1%, the NIR band at Amax Of 1196 nm mainly arises from the electronic
transition from the highest occupied spin—orbital (HOSO)-250p to the lowest unoccupied spin orbital
LUSO-253pB (92%). The 2508 spin orbital is dominated by the electronic population on the two Fe'' centers.
The IVCT absorption is the ET process from the two terminal Fe'" centers to the central Ru'"' of the bridge.
The NIR bands of 23*-5%* originate from the transition between the delocalized electronic levels, as shown in
Figure S17-20. On the other hand, the computed NIR absorptions of 3*-5%* originate from the orbital with
more evenly distributed electronic population to an anti bonding LUSO orbital.
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Figure 4. (a) Vis/NIR spectrum of all the trivalent compounds in CH,Cl,; (b) Vis/NIR spectrum of all the
tetravalent compounds in CH.Cl..

Table 3. Optical data for the IV-CT band of 13" — 5% and 1*" — 5* in CH.Cl,.

CTv/ CT v IVCT v IVCT v
cmt /cm? /cmt /cm?

13 7732 14285 1+ 6167 9239
23 6708 15337 2% 6235 8739
3 5715 17660 3 6012 17215
43 5479 18786 4 6112 17292

53 5226 20297 54 6172 18191

IR spectra

The IR tests for all the divalent compounds were performed in solid state, because those compounds are
easily oxidized in the solution. All of those compounds exhibit a strong cyanide stretching vibration
absorption. The IR spectra of trivalent and tetravalent compounds were recorded in solution. The v(CN)
bands of the compounds are summarized in Tables 4 and S11. In addition, the IR spectra only with v(CN)
bands of the trivalent compounds and the tetravalent compounds in solution are compared in Figure 6,
Figure S26 and Figure 10, Figure S29-S31, respectively.



Upon oxidation, the IR spectra of 13* and 2%* exhibit two cyanide stretching vibration absorptions at 2055
and 2008 cm't, 2055 and 1998 cm'%, respectively (Figure $26). Unlike 13* and 2%*, the IR spectra of the other
three trivalent compounds 3%, 4%* and 5%* displays three bands. The strong v(CN) bands of 13* and 23* are not
Gaussian shape and can be fitted by two bands. As the donor becomes stronger, the band in high
wavenumber becomes stronger (see Figure 5). The low energy v(CN) bands are attributed to the symmetric
structure (Fe"-CN-Ru''-NC-Fe"), in which the charge is localized in Ru. The two high energy bands could
be attributed to the ET state (Fe''-CN-Ru"-NC-Fe" or Fe'-CN-Ru'"-NC-Fe'"), in which the charge is
asymmetrically distributed between the two terminal centers. Therefore, the ET process over the three metal
centers could be described as the manner: Fe"-CN-Ru'-NC-Fe" <« Fe'-CN-Ru'"'-NC-Fe" «
Fe''-CN-Ru'-NC-Fe"", resulting in the superposition of the v(CN) bands of the three states. For 1%, the
charge mostly localizes in the Ru"", so the symmetric v(CN) band is dominant and the asymmetric bands are
the weakest compared to the other trivalent compounds. As the donor CpMexFe(dppe) becomes stronger,
electron communication between the terminal Fe'' and the central Ru"' becomes stronger. The asymmetric
v(CN) bands of 5% are the strongest, indicates that 5°* is the most delocalized one. In contrast, compound 1%*
with the weakest donor is most localized on the IR timescale.

(a) (b) (c)
2040 2020 2000 1980 2040 2020 2000 1980 2020 2000 1980 1960
wavenumber / em-1 wavenumber / em-1 wavenumber / em-1
(d) (e)
2020 2000 1980 1960 2000 1980 1960
wavenumber / cm1 wavenumber / em-1

Figure 5. (a) the v(CN) band of 1%*(black line) and the sum of the fit bands (green line and blue line) is the
red line(same as b, ¢, d and e); (b) the v(CN) band of 2%*;(c) the v(CN) band of 33* (d) the v(CN) band of 4%*
(e) the v(CN) band of 5°*.

For the tetravalent compounds with an asymmetric structure (Fe'-CN-Ru'"'-NC-Fe'""), the two bridging CN
ligands should be in different environments when the MV compounds are localized. The IR absorption band
shape of v(CN) band depends on the electron coupling of the MV states. In many cases, the IR spectral
features are usually used to investigate the ET process.?® %43 The degree of overlapping of the v(CN) band
depends on the degree of electronic coupling between the two terminal Fe. If the intramolecular ET rate is
fast on the IR timescale, the two v(CN) bands for the Fe''-CN-Ru'" and Ru"'-NC-Fe'" units will overlay into
a single band. In contrast, if the ET rate is slower than the IR timescale, the two v(CN) bands can be
observed.18 23.28.44-45 Ag shown in Table 4, the IR spectra of 1** and 2** exhibit two v(CN) bands, suggesting
both the complexes could be classed into localized MV compounds on the IR timescale. In 3%, the two
bands are very close. 4*" has a broad cyanide stretching vibration absorption, but two bands can still be



observed. The spectrum of 5* exhibits only one absorption at 1961 cm™, the characteristic of delocalized
MV systems, indicating the two CN are equivalent on the IR timescale.

Table 4 Summary of the v(CN) of [1-5]™ (n = 3, 4) in CH.Cl,

Vv(CN) v(CN) Kobs

13 2055(w) 14 2006(m)  2.0x10°s?
2027(w)? 1976(m)
2008(vs)?

2% 2055(w) 24 2006(m)  5.0x10°s?
2018(w)? 1961(s)
1998(vs)?

3% 2055(w) 3% 1979(m)  3.3x 104 s?
1999(w) 1956(s)
1980(s)

43 2055(w) 44 1957(m)*> 1.7 x 102t
1995(m) 1978(m)®
1977(s)

53+ 2055(w) 54+ 1961(m)  2.5x10%2s?
1989(s)
1973(s)

2 those bands are obtained by fitting the strong v(CN) band. ® the v(CN) band of 4** is broad, and the two
bands are obtained by fitting thev(CN) band.

"Fe Mdssbauer Spectroscopy

It has been known that ’Fe Mdssbauer spectroscopy can be used to monitor the ET rate.* 464 To further
investigate the process of electron delocalization, zero-field variable-temperature 5’Fe Mosshauer spectra of
the samples of 1%-5% and 3*-5* were performed. The quadrupole splitting (QS ) and isomer shift (IS)
parameters of 1%*-5% and 3*-5* are given in Tables 5. For the purpose of comparison, >Fe Mdsshauer
spectra of 12*, 42*, 5%*, Cp’(dppe)Fe''CN and [Cp*(dppe)Fe'"'CN](PFs) were also measured at room
temperature (Table S17). It can be seen that 12*, 5** and Cp“(dppe)Fe'"CN show one typical quadrupole
doublet with the parameters of QS about 1.90 mm.s? for localized Fe",*%° and [Cp*(dppe)Fe''CN](PFe)
displays one typical quadrupole doublet for localized Fe'.
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Figure 6 the 5"Fe Mdssbauer spectra of 13*-5%* at 10 K (left) and 300 K (right).

The spectra of 13*-5% exhibit only one quadrupole doublet, suggesting both the terminal iron centers are
equivalent. The QS of all the trivalent compounds is about 1.65 mm.s* and is much smaller than those of
localized Fe" in divalent compounds 12*-52* and in the reported MV compound Fe"-CN-Fe'"-NC-Fe' (2.03
mm.s™),*® but are close to that of the delocalized Fe reported for the same iron fragment,*® suggesting the one
quadrupole doublet of 13*-5% could be attributed to delocalized Fe. Lapinte and coworkers reported that the
QS parameter of delocalized Fe'-Fe'' compound is 1.32 mm.s, smaller than those of 13*-5%*. Notably,
however, the QS value of the delocalized Fe in 13*-5%" is somewhat larger than the average one (1.337 mm/s)
of Fe'' and Fe'!, this may be due to an incomplete charge transfer from Fe"' to Ru"'. Furthermore, this
equivalence is not a function of the temperature, and the spectra recorded at 10 K all show the presence of
only one type of iron, and the parameters are almost temperature independent (Figure 6 and Table 6). Based
on those results, 13*-5% could be assigned to the delocalized compounds on the Mdssbauer timescale.

For the tetravalent compounds, the %'Fe Mdssbauer spectra for 14*—2*" were not obtained. The spectra
(Figure S28-29) of 3*" and 4* show two quadrupole doublets, while the 5* has only one. For 3*" and 4**,
two quadrupole doublets are observed: the first one with QS =1.66 mms™® comparable to those of the
trivalent compounds which are attributed to the delocalized Fe of Fe'-Ru'"'; the second one with QS = 0.68
mms, which should be attributed to the two delocalized terminal iron ions.** Although 3*" and 4** show the
similar quadrupole doublets, it should be noted that the relative area of the delocalized Fe is different. 4** has
more delocalized component about 75.6% while 3** is 61.3%. The spectrum of 5*" with one quadrupole
doublet (QS = 0.69 mms™?) indicates that 5**is a fully delocalized species and the two terminal iron ions are
equivalent. Even at 10 K, the spectrum of 5*" also shows one quadrupole doublet with QS = 0.60 mms™,



Table 5. 3Fe Mdsshauer Fitting Parameters for Selected Complexes

T/K IS (mm.s?) QS (mm.s?) Relative Area (%)
13 10 0.23 1.67 100
300 0.15 1.63 100
2% 10 0.23 1.68 100
300 0.15 1.64 100
3% 10 0.25 161 100
300 0.17 161 100
43+ 10 0.29 1.66 100
300 0.20 1.62 100
5% 10 0.23 1.624 100
300 0.21 1.631 100
3+ 300 0.27 1.67 38.7
0.29 0.69 61.3
44 300 0.56 1.66 24.4
0.49 0.68 75.6
54 10 0.27 0.60 100
300 0.23 0.69 100

DISCUSSION
ET of trivalent compounds

The ET process of the trivalent compounds are analyzed by the three-centers model. Those compounds
show a very intense and asymmetric NIR band. The analysis is based on the assumption that the NIR band
consists of the bridge band. This assignment is feasible. First, the NIR bands of 13*-5%" are asymmetrical and
can be fitted by two or more bands. Secondly, the bridge center Ru" of all the compounds will be oxidized
first. So, those compounds have a low-lying bridge, and prefer to a bridge-mediated hopping ET process.!” 2%
%152 The analysis of electron transition is shown in Figure 7. v, and vy, arise from the ground state to the first
excited state [Fe'-CN-Ru"-NC-Fe"'l (or [Fe"-CN-Ru"-NC-Fe']) and the second excited state
[Fe"-CN-Ru"-NC-Fe"|*", respectively. viver arises from the first excited state to the second excited state.
Based on previous studies'® 7 and our analysis, the asymmetric NIR band is fitted by three Gaussian
functions (Figure S6-10).
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Figure 7. Schematic adiabatic potential energy curves for the trivalent compounds. The solid lines are shown
in the asymmetric reaction coordinate, the electron transition process is vivcr; the dashed line lines are shown
in the symmetric reaction coordinate, which runs perpendicular to the asymmetric coordinate, the electron

transition process is va and vp.

It has been reported that the three-centers model is successful to be used to describe ET of the bridged MV
complexes.’® 3% Here, we use the optimized Launay-Coudret-Hortholary model,” to analysize the ET
process of the trivalent and tetravalent MV complexes. The details about the model and the parameters are
given in the supporting information. The parameters used for PES (potential energy surface) are listed in
Table 6. The coupled adiabatic PES can be given by solving the determinant for the eigenvalues, E (equation

1 in the Supporting Information). The ground-state PESs of those compounds are given in Figure 8 and
Figure S33.

(@) (b)

Energy / cm
.
Energy / em

0.5
q2

Figure 8. (a) the PES of 1*; (b) the PES of 5%; (c) the PES contour of 13*; (d) the PESs contour of 5%. The
red arrow indicates the ET process between the two excited states.



As the PESs show, the two minimums in high energy are the excited states (Fe'"'-Ru'-Fe'' and
Fe'-Ru"-Fe") of the trivalent compounds. However, the two minimums overlay with the ground state
Fe"-Ru"'-Fe"" and show a special minimum. Because of the low-lying bridge state level and strong electron
coupling between Fe'" and Ru'", the energy barrier becomes very small and even disappears (the AG* = 0).
The new ground state is the superposition of the excited state and ground state. That is in good agreement
with the above IR spectra that the bridge-state and mixed-valence states are simultaneous observed. As
shown in the PES contour, although the PES of 13" is smooth, the energy difference (AGP®) between the
bridge and the donor is the largest, suggesting the excited states of 13* are less stable. This can explain the

fact that thev(CN) absorptions of Fe'"'-CN-Ru'-NC-Fe" are the weakest (Figure 5). The PESs show that, as
the methyl substituents of the Cp ring ligand increase, the electron-donating properties of the Fe'' become
stronger and the AG® becomes smaller. So the excited states become more stable. Thev(CN) absorptions of

excited state Fe''-CN-Ru"-NC-Fe' become stronger.

Table 6. ET parameters for the analysis of three-state model of 13+-5%*

A AG®/cm? Vi /cm?
1% 11073 -5644 1586
2% 10263 -4918 1627
3% 9160 -3790 1619
4%+ 8716 -3466 1621
5% 8278 -3068 1643

ET of tetravalent compounds

We estimate the ET rate constants by analysis of v(CN) band broadening in the IR spectra, and this
method had been used for the determination of ET rate constants in MV systems.? %34 The v(CN) band
simulations of all the tetravalent compounds were performed using the published software,®” and the results
are shown in Figure 10 and Figure S30-32. The observed rate constants (kops) are listed in Table 3. 5** shows
the fastest ET rate, kobs = 2.5 x 10%? s7%. As the donor becomes weaker, the ET rates of those compounds
become slow gradually, ks = 2.0 x 10% s for 1*. Those results correspond to the Mdssbauer spectral
results that the tetravalent MV compound becomes more delocalization from 3*" to 5* on the Mdssbauer
timescale.

The tetravalent compounds have a D-A;*-A," structure and the NIR band is the sum of MBCT and IVCT.
The parameters used for three-state analyses were obtained by fitting the NIR band, the details are shown in
Figure S11-15, Table S14-15. As the fitting results shown, the AG® is lower than the crossing point (A/4) of
the diabatic states, as shown in Figure 1b. The PESs are shown in Figures 9 and S34. For those compounds,
AG?° is lower than the crossing point of the diabatic states (1) and (3) as shown in Figure 1b, which can lower
the ET barrier AG;s*. However, although the AG® of 1 is the smallest, the ET rate is the slowest and the
electron coupling is the smallest (952 cm™) due to the weaker donor of CpFe''(dppe) than CpMexFe''(dppe)
(x =1, 3, 4 and 5). The similar phenomenon that the weak donor is unbeneficial to ET was previously
reported.?*2>58 The PES of 1** (Figure 9a ) has three minimums, and the PES contour (Figure 9c¢) shows that



the ET process has a high barrier. The yellow arrow indicates the ET path with superexchange mechanism
should crosse a high energy barrier of about 1390 cm™. In contrast, the hopping way needs to overcome a
lower energy. The attachment of methyl groups to the Cp ring lower the state level of the donor and the AG®
becomes larger, but the strong donor strengthens electron coupling. The PESs of 3*-5* show the
delocalized characteristic, and the high energy minimum has disappeared (Figure 9b and Figure S34),
suggesting the presence of electron delocalization between Fe' and Ru''. For 3*-4*, the ET process
between the terminal metal centers should overcome an activation energy of 900 cm™ for 3* and 500 cm™
for 4**. This is consistent with the results of their 5’Fe Mossbauer spectroscopy results that show the fully
delocalized and the delocalized Fe'"-Ru"' components are 61.3% and 38.7% for 3**, and 75.6% and 24.4%
for 4%, respectively. The PES shows that 5** is a fully delocalized species, being consistent with all the
spectroscopy data.
Table 7 ET parameters for analysis of three-state model of 14*-54

I3 AG®/cm? Vi /cm?
0 6844 802 952
1 7141 992 1127
3 7566 1593 1768
4 7681 1608 2180
5 7810 1678 3065
(a) (b)
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Figure 9 (a) the PESs of 1%*; (b) the PESs of 5°*; (c) the PESs contour of 1%*; (d) the PESs contour of 5%*.



The yellow arrow indicates the superexchange ET process; the red arrows indicate the hopping ET process.
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Figure 10. Comparison of observed (left) and simulated (right) stretching frequencies for the CN bonds in
the tetravalent MV complexes. (a) black line: the observed result of 1**; blue line: the best simulated result
of 1*. (b) the simulated result of 1**. (c) black line: the observed result of 5*; red line: the best simulated
result of 5**. (d) the simulated result of 5+,

CONCLUSION

To investigate the electron transfer mechanism of mixed valence compounds in which the bridging ligand
in mediating electronic interaction is low-lying, we have designed and synthesized a series of
isocyanometal-bridged trimetallic compounds 1™ - 5™ (n = 2, 3 and 4) with the general formula of
[CpMex(dppe)Fe(u-CN)Ru(dmap).(u-NC)Fe(dppe)CpMe]™ (x = 1-5), 1% - 5%* and 1% - 5* are the one-
and two-electron oxidized products of 1%* - 5%, respectively. All the compounds have been fully
characterized including by single-crystal X-ray diffraction structure analysis excepting for 1** and 2**. For
the trivalent compounds 1%* - 5%, the energy level of the bridge state (Fe'-Ru'"'-Fe'") is lower than that of the
mixed valence states (Fe''-Ru'-Fe'" and Fe"-Ru"-Fe""). The ground state PES of the trivalent compounds
constructed by the three-state model analysis shows that the minimums of the two degenerate excited mixed
valence states overlay with the ground state, resulting in the simultaneous observations of the bridge-state
and mixed-valence states. The PES also shows that the ET barrier to the bridge-state is almost disappeared
and is much lower than that of the direct superexchange pathway, suggesting the hopping mechanism is
dominant for the ET process of all the trivalent compounds. Upon further one-electron oxidation of 1%* - 5%,
the bridge state (Fe''-Ru"-Fe'"") level of 1** - 5* increases and is higher than that of the mixed valence states
(Fe"'-Ru"™-Fe'" and Fe''-Ru''-Fe""). The ground-state PES for the tetravalent compounds are also constructed
from the spectral analysis. The PES shows both the hopping and superexchange mechanisms are present for
1% with the weakest electron donor. As the donor becomes stronger, the hopping mechanism is more favored
for the ET process of tetravalent compounds. For 5* with the strongest electron donor, the hopping
mechanism is complete dominant for the ET process. This study indicates that the sufficient low bridge state
level has a more important effect on the ET process than other influencing factors. If the bridge state level is
slightly higher than the terminal metal centers, both the hopping and superexchange mechanisms may



coexist, but the hopping mechanism may be more favored for the ET process if the donor becomes stronger.
This may have implications in designing molecular electronic devices.
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