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Abstract

The comparative interfacial oxidation kinetics of the approximate structural isomers trans-(0),Re¥(py); and cis-
(0),ReY(bpy)Xpy)s (py, pyridine; bpy, 2,2"-bipyridine) have been assessed in aqueous solution via conventional cyclic voltamme-
try at a highly ordered pyrolytic graphite (HOPG) electrode. HOPG was employed because of its known propensity to diminish
interfacial electron transfer (ET) rates (by ca. three to four orders of magnitude) and because of a probable lack of importance of
kinetic work terms (diffuse double-layer corrections). Measured rates for the frans complex exceed those for the cis by about a
factor of 3. Expressed as an effective activation Gibbs energy difference AG™, this corresponds to a cis—trans difference of ca. 3
kI mol ™. The actual vibrational barriers to ET have determined from a combination of published X-ray structural results (trans
complex) and new resonance Raman results (cis complex). The values are 0.6 kJ mol ! for the trans oxidation and 4.4 kJ mol ~?
for the cis oxidation (i.e. close to the barrier difference inferred from rate measurements). Further analysis shows that most of
the barrier difference is associated with displacement of a (predominantly) Re~N(bpy) stretching mode found only in the cis
system. Differences in metal-oxo displacements (cis > trans) are also implicated.
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1. Intreduction cis-(O)zReV(bpy)(py);
hy . o—n T
We have been exploring the proton-coupled reduc- > cis-(0),ReY! (bpy) (py) (py*") (3)
tions of various dioxorhenium(V) species [1-3] becausc and electrochemically [2,3,9-13]

of the more general insights that they provide into the

. . : trans-(0),ReY (py).
kinetics and thermodynamics of multiclectron transfer (©) (py)s

processes [4-8]. However, the rhenium(V) complexes ———»trcms-(O)zRe,VI(py)ﬁ+ + ¢ (electrode)  (4)
are also amenable to proton-decoupled one-electron 5-(0),ReY(b +
oxidation — both optically via metal-to-ligand charge cis-(O)2Re*(bpy) (py). -
transfer excitation [2,3,9-11] — cis-(0),Re¥! (bpy) (py); + e*(electrode)
trans-(O),Re¥(py) s ‘ )
hy _ here denotes pyridine and bpy denotes 2,2'-bi-
—— trans-(0),Re¥!(py)s(py* ) " (1) ‘S]yridinsy > o
cis-(O)zReV(bpy)(py);r Our previous studies of electron transfer (ET) ther-
o o modynamics [1,2] (see also Brewer and Gray [10]) re-
—> cis-(0);Re"!(bpy* ") (py); (2)

vealed a strong dependence of the Re(VI/V) formal
potential on ligand substituent characteristics (most
notably, substituent electron-donating or electron-
withdrawing characteristics). The studies also showed,

" Corresponding author. independent of ligand substituent identity, a strong
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Fig. 1. Chemical structures of trans-(O),Re(py)S (top) and cis-
(O),Re(bpy)py)y (bottom).

dependence of E; on “isomeric” form (i.e. cis versus
trans coordination geometry (Fig. 1)). In all cases the
cis form was more easily oxidized that the correspond-
ing trans, generally by about 600 mV L.

The origin of the E; geometry dependence has been
explained in terms of the pertinent d-orbital occupancy
and the effects of such occupancy upon metal-oxo
bonding [3,11,14]. In the trans case, the occupied or-
bital is d,, (where the z axis is defined by the diox-
orhenium core (Fig. 1)). Removal of one of the two
available electrons via Re(V) oxidation should have no
effect upon the core—a notion confirmed by crystallo-
graphic studies which indicate identical Re—~O bond
lengths for Re(VI) versus Re(V) [10,15-17]. (Similarly,
resonance Raman studies of optical oxidation (Eq. (1))
show that no detectable change in Re—O bond length
accompanies the redox transformation [11].) However,

"Because of the synthetic inaccessibility of the required cis-
(O),Re(py);” and/or trans-(0),Re(bpy)py)s species, true struc-
tural isomers could not be compared. Note, however, that the
approximate isomers cis-(O),Re(bpyXpy)y and trans-(O),Re(py);
differ from each other only by the presence or absence of two
aromatic protons and a single inter-ring C~C bond.

for the cis form the (doubly) occupied orbital is a
composite of d,, and d,,, which unavoidably interacts
(unfavorably) with one or more p w* (oxo) orbitals.
Therefore a significant driving force for oxidation (d?
—d!) (Egs. (2), (3) and (5)) is diminution of the
clectronic interference and effective enhancement of
the Re—O bond order. A corollary is that metal-oxo
bond compression should accompany Re(V) oxidation.
An X-ray crystal structure for cis-(O),ReY (bpy)(py)3*
has yet to be obtained, and so direct evidence has been
lacking. However, resonance Raman studies (reactions
(2) and (3)) clearly show that a significant Re—O bond
length change accompanies optical oxidation [2,11].

Given the very large thermodynamic and related
redox structural differences for cis- versus trans-di-
oxorhenium(V) oxidation, we reasoned that large ki-
netic differences should exist as well {11]. More specifi-
cally, because metal-oxo bond length changes accom-
pany the cis, but not the ftrans, oxidation, a much
higher vibrational activation barrier ought to accom-
pany the cis transformation (Eq. (5)). In turn, the rate
of the cis reaction would be much less than that of the
trans reaction. Experiments reported here show that
an interfacial ET kinetic reactivity difference does ex-
ist. Although the difference is smaller than we had
initially expected, it is in remarkably good agreement
with the predictions of a quantitative multimode
Franck—Condon barrier analysis. The analysis is based
in part on published crystal structures [10,15-17] and
in part on new resonance Raman measurements.

2. Experimental

Dioxorhenium complexes were prepared and puri-
fied as previously described [18]. Water was purified by
passage through a Milli-Q purification system. Reagent
grade sulfuric acid was obtained from the Aldrich
Chemical Company Inc. The sodium salt of trifluo-
romethanesulfonic acid (NaCF;SO;) was also pur-
chased in reagent grade form from Aldrich. Ungraded
(mottled surface) samples of highly ordered pyrolytic
graphite (HOPG) were obtained as a gift from Dr.
Arthur Moore of Praxair, Parma, OH. Suitable work-
ing electrode surfaces were obtained simply by cleaving
the HOPG samples via the transparent adhesive tape
lift method.

Electrochemical measurements (on HOPG) were
made by using a Pine Instruments potentiostat and an
“inverted drop cell” geometry (ca. 2—3 mm diameter
drop) as described by Kneton and McCreery [19]. The
counter-electrode was a platinum wire and the refer-
ence was a saturated (NaCl) calomel electrode (SSCE).
Reference electrode contact with the drop was achieved
via a narrow-tip glass capillary. To minimize double-
layer effects as well as IR drop effects, fairly concen-
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trated electrolyte solutions were employed (i.e. 0.1 M
H,S0,+ 0.5 M NaCF,SO,). Sample concentrations
were typically about 1 mM.

Interfacial ET rates were obtained by comparing
digitized experimental cyclic voltammograms with digi-
tal simulations generated by the explicit finite-dif-
ference method (CVSIM program obtained from Pro-
fessor D. Gosser, Department of Chemistry, City Uni-
versity, New York [20,21]) or by Nicholson’s method
[22]. Comparisons were generally made over a range of
sweep rates from roughly 20 to 200 mV s~ % (Above
200 mV s, distortions evidently due to uncompen-
sated cell resistance were evident.) In view of the
relatively high electrolyte concentration and, more im-
portantly, the very low interfacial capacitance (ca. 0.3
wF cm™? [23]), no diffuse double-layer corrections
were employed. However, if corrections had been made,
they would have tended to increase both rate con-
stants, with a very slightly larger (relative) increase in
the trans case (since E_, .~ —0.2 V [23]).

Resonance Raman experiments were carried out
essentially as previously described [11]. Prior to analy-
sis, however, the resulting spectra were corrected for
both instrument response and sample self-absorption.

3. Results

3.1. Electrode kinetics

At conventional electrode surfaces such as glassy
carbon, both the cis- and trans-dioxorhenium com-
plexes exhibit purely reversible (i.e. entirely mass trans-
port and redox thermodynamics controlled) voltammet-
ric behavior (see Fig. 2). Therefore this mass transport
“masking” makes it impossible to observe ET kinetics
differences (at least at conventional cyclic voltammetry
sweeping rates). To overcome this difficulty we have
turned to HOPG as an electrode material. Kneton and
McCreery [19] have shown that HOPG electrodes at-
tenuate interfacial ET rates by ca. three to four orders
of magnitude. Although a full explanation of the atten-
vation effect has yet to be presented, it is almost
certainly (in our opinion) an electronic coupling effect
arising from the effectively two-dimensional nature of
the graphitic material. Consistent with this explanation,
McCreery and coworkers [19,23] find that ET rates at
HOPG |solution interfaces are strongly dependent on
surface defect density (exponentially faster with higher
defect density) [19,23]. Importantly, however, they also
find [23] that, with carefully handled low-defect-density
surfaces, relative rates vary essentially as expected from
classical ET activation barrier considerations [24-26].

We have taken advantage of these observations in
our evaluation of the molecular geometry dependence
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Fig. 2. Cyclic voltammograms (200 mV s~ ') at glassy carbon in aq.
0.1 M H,50, +0.5 M NaCF;S80;, for (a) cis-(0),Re(bpy)py)y and
() trans-(O),Repy); .

of the interfacial ET reactivity of the dioxorhenium-
(V/VD) system. Following McCreery and coworkers,
we used the kinetics of the model redox system
Fe(CN){ /3~ as an in-situ probe of defect density
[19,23]. He has shown that when the anodic—cathodic
voltammetry peak separation AFE, for Fe(CN){ /3~
exceeds ca. 700 mV, a HOPG surface can be regarded
as nearly (but not perfectly!) defect free from an elec-
trode kinetics point of view. Therefore only surfaces
which vyielded relatively large AE, values (for
Fe(CN); ™/*7) were accepted for subsequent dioxorhe-
nium studies. ‘

In any case, representative voltammograms for cis-
(O),Re(bpy)py)3™/* - and  trans-(0O),Re(py)?*/* at
low-defect-density HOPG |aqueous solution interfaces
are shown in Fig. 3. Notable observations are (1) that
both exhibit comparatively large anodic—cathodic peak
separations, clearly indicating interfacial kinetic con-
trol of the voltammetry, but (2) that AE (cis) exceeds
AEp(trans), implying slower kinetics for the former.

While both findings were qualitatively reproducible,
we observed significant experiment-to-experiment vari-
ations. To facilitate a more quantitative comparison,
we chose to normalize the Re(VI/V) rate constants
kg to those for Fe(CN){™/*~ measured immediately
before, at the same surface location. (Note that in the
“inverted drop cell” geometry, only a fraction of the
exposed HOPG surface is in contact with the reactant
solution.) The normalization procedure yielded kg -
(cis)/kpr(Fe) =23 £ 1.0 and kg (trans)/k(Fe) =
7.1 + 1.8, where both estimates represent averages of
at least five separate experiments and 25 separate rate
measurements. In turn, the kp(trans)/kg(cis) ratio
is estimated as approximately 3.
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Fig. 3. Cyclic voltammograms (200 mV s~ ') at HOPG in aq. 0.1 M
H,S04+0.5 M NaCF;S0;, for (a) cis-(O),Re(bpy)py); and (b)
trans-(0),Re(py)s . The absolute (unnormalized) ET rate constants
in these two particular experiments were kgr (trans) = 6.4x 104
em s~ and kpyp (cis)=52X10" cm s~

3.2. Structural changes and barrier effects

From standard ET rate theories [24,25] the contri-
bution of internal modes (or vibrations) to the overall
reaction barrier (at E = E;) is a simple sum and prod-
uct function of vibrational frequencies v and unitless
normal coordinate displacements A:

v1b (1/8) ZV AZ : (6)

where the sum is over all modes which suffer displace-
ment during the reaction. We note that physically A is
equivalent to four times the number of vibrational
levels by which the classical transition state lies above
the initially unactivated reactant (for the vibrational
mode in question). 2 ,

Alternatively, for local bondlng coordinates, the
structure—barrier relatlonshlp (again at E=FE;) is

where f is a force constant and Agq is a real bond-length
displacement with dimensions of distance. In some
instances, specific local modes are sufficiently similar
to specific normal modes to permit the following trans-
formation:

Aa = (&h/4mpvb)” (8)

where 4 is Planck’s constant, u is the reduced mass
and b is the “bond degeneracy” (e.g. 2 for Re-0O
bonds).

2 The factor of 4 is appropriate when the reactant and product
potential energy surfaces are reasonably harmonic and when AG°=0
(i.e. when E = Ey).

For trans-dioxorhenium(V /VI) we have noted that
X-ray structural [15-17] and resonance Raman data
[11] indicate (equivalently) that Aag, o and Az, o are
zero. However, the crystal structures indicate a dis-
placement of the Re~N bonds upon oxidation (Adg,_y

= —0.04 A). Transformation via Eqn. (8), with w =65,
v =205 cm~! and b =4, yields | Ag,_n|=2. Since no
other coordinates are significantly displaced, AGZ, (Eq.
(7)) is just 100 cm~"' or 1.2 kJ mol L.

For the cis complex, a Re(VI) crystal structure is
lacking. Therefore the X-ray approach is not viable for
determining coordinate displacements. Nevertheless,
the required information can still be extracted via a
time-dependent analysis of Raman scattering experi-
ments. The time-dependent theory [27,28] and perti-
nent applications [29-34] have been discussed in detail
elsewhere. However, it may be sufficient to note here
that the theory (in its simplest form) leads to the
following relationship between enhanced scattering in-
tensities I for any two vibrational modes and the
associated frequencies and displacements:

L/L = AZV /Asz (9)

Importantly, the displacement information obtained is
that which is pertinent to the electronic transition
giving rise to intensity enhancement. For strongly al-
lowed transitions, Eqn. (9) should be valid at reso-
nance, provided that a reasonably large number of
modes is enhanced; at pre-resonance, it should be valid
independent of the number of modes enhanced. Note,
however, that Eqn. (9) provides only relative coordi-
nate displacements. The required absolute scaling is
available from

207 =) AW} (10)
13

where 82 is the square of the electronic absorption

bandwidth at 1 /e of the height and where the summa-

tion is over all enhanced modes that show significant

intensity in the scattering spectrum.

The visible portion of the electronic absorption
spectrum for cis-(0), Re(bpyXpy); is shown in Fig. 4.
Two transitions are evident. The longer-wavelength
absorption is due to rhenium-to-bipyridine charge
transfer (Eqn. (2)), while the shorter-wavelength ab-
sorption is due to rhenium-to-pyridine charge transfer
(Eq. (3)). Resonant excitation near 400 nm (see Fig. 4)
should lead primarily to enhancement of those Raman
scattering modes associated with the latter transition.
It is important to note that, from an electrode kinetics
point of view, the optical transition (Eq. (3)) is very
similar to the interfacial reaction (Eq. (5)). The former
transfers an electron to a pyridine «* orbital that is
geometrically orthogonal to (and therefore essentially
non-interacting with respect to) the dioxorhenium(VI)-
bipyridine plane (see Fig. 1); the latter transfers an
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electron to an electrode. In any case, in the scattering
experiment we observe enhancement of a number of
pyridine-based modes, as well as Re—O and Re-N(bpy)
modes. The former obviously gain intensity via dis-
placement effects associated with pyridine radical an-
ion formation (and therefore are irrelevant to our
electrochemical investigation). However, the latter are
enhanced because of (optical) metal oxidation. There-
fore the resulting displacements are identically those of
interest in the electrode reaction.

Analysis of scattering intensities via Eqgs. 9 and 10
yields | Ag._o 1= 0.7. With v, =906 cm™, u=15g
mol ! and b =2, Eqn. (8) yields Aag, o= +0.04 A,
where chemical intuition clearly suggests a negative
sign for the displacement. In any case, if we view the
reaction as one which effectively increases the order of
a pair of multiple oxo-metal bonds by ca. 0.25 each,
then the estimated extent of the displacement is cer-
tainly reasonable [35]. From Eg. (6), the estimated
contribution of the dioxometal displacements to AG,
is 0.6 kJ mol~! (50 cm ).

The displacement is substantially larger in the Re-
N(bpy) mode (|A|=2.6) which appears at v =341
ecm ™!, Unlike Re-N(py) and Re-0, this mode is not
purely metal-ligand stretching in character (Fig. 5).
Consequently, the unitless displacement is not straight-
forwardly related to any one particular bond length
change. Nevertheless, if we assume for the moment
that ¥(341) is entirely Re~N(bpy) stretching in charac-
ter, then an upper-limit estimate for AaRe“N(b%y) can be
obtained. On this basis we obtain +0.05 A, where
chemical intuition again would strongly suggest bond
compression upon oxidation (because electron density
is removed from a composite d ,.~d,, orbital). Regard-
less of the details of the local coordinate displace-
ments, however, Eqn. (6) can be used to calculate a
barrier contribution of 290 cm~! from »(341).

Finally, the Re-N(py) coordinate is also a candidate
for displacement. However, resonant scattering from
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Fig. 4. Electronic absorption spectrum for cis-(0),Re(bpy)(py); .

Fig. 5. Normal coordinate motion for »(341).

the Re-to-py electronic transition (Eq. (3)) provides an
inadequate route to the electrochemically relevant dis-
placement parameter, since obviously the observed
Age_ Ny Will also be influenced by py®~ formation. A
more meaningful estimate can be obtained from reso-
nant scattering from the electronic transition in Eq. (2).
Recall that here the electron is transferred to a bpy(w*)
orbital which is geometrically orthogonal to the py-
Re-py axis (see Fig. 1). Analysis of Raman data ob-
tained via excitation at 514 nm yields a unitless dis-
placement of +1.0. Conversion to local coordinates
vields a metal-nitrogen (pyridine) bond length change
of +0.02 13;, where again the change is very likely
negative for Re(V) oxidation. Use of either parameter
yields a contribution of 0.3 kJ mol™! (30 cm™Y) to
AG%(cis). (Re-to-bpy excitation also induces, as ex-
pected, a displacement in the Re—O coordinate. Curi-
ously, however, the extent of the displacement is less
than half that seen with Re-to-py excitation. For the
Re-to-bpy transition an important additional consider-
ation is that the transferred electron generates a radi-
cal anion bpy*~ which is coordinated to Re(VI) via N
atoms which are necessarily trans to the oxo ligands
(Fig. 1). The resulting “trans influence” [36] should act
to weaken (and lengthen) both Re—O bonds, thereby
offsetting to some extent the strengthening (and short-
ening) effects anticipated from the rhenium oxidation-
state change. This complicating factor would be absent,
of course, if the electron were transferred to pyridine
instead.)

Summarizing the structural and classical activation
barrier effects, we find that (a) AGE (trans) = 0.6 kJ
mol ™! (50 cm™'), with contributions from only one
vibrational mode, and (b) AG# (cis) =~ 4.4 kI mol !
(370 cm™1), with contributions from three vibrational
modes.

4. Discussion

As suggested in Section 1, and reinforced by the
structural investigation, significant differences in cis
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versus trans ET reactivity were expected based on
significant differences in (classical) Re—O (and Re-N)
bond activation requirements. However, the observed
rate differences are modest. Some insight can be gained
by casting the differences in terms of an effective
activation barrier difference. Assuming that

kgr =Agr exp(—AG*/RT) (11)
then
In kpr(trans) —In kgy(cis)

= [AG*(cis) — AG*(trans)] /RT (12)

Based on the kinetic measurements, the effective bar-
rier difference is 3 kJ mol ™!, i.e. slightly less than the
difference obtained from the structural studies.

One possible mitigating factor in the rate study is
that coordinates for high frequency modes will suffer
displacement (in part) via tunneling. To the extent that
tunneling occurs, the full activation barrier is not sur-
mounted, the apparent barrier to ET is diminished and
the ET rate is accelerated. An approximate expression
for the tunneling-corrected vibrational barrier is
{25,37,38]

AG? (corr) = 0.5RTY A? tanh( hv,/k5T) (13)

where kg is Boltzmann’s constant. For the trans reac-
tant (where the barrier consists of a single low fre-
quency displacement) AG¥ (corr) is essentially identi-
cal to the AGZ, value obtained from Eq. (6). For the
cis complex, AG¥ (corr) is roughly 0.1 kJ mol ™! less
than the classical vibrational barrier. This translates
into an extremely small rate effect: a calculated 5%
enhancement in kgr(cis), virtually all coming from
tunneling in the dioxorhenium coordinate.

Finally, a comparison of the one-electron oxidation
kinetics with the previously reported two-electron re-
duction kinetics [1] may be instructive. For the two-
electron reactions the geometry dependence is much
larger (ca. 100-fold rate difference); furthermore it is
reversed (i.e. trans is slower than cis). For the study
described here the relative trans—cis Kinetics appear
primarily to reflect differences in redox-induced struc-
tural changes (Franck—Condon effects). In the reduc-
tion reactions, related effects may be operative as well.
If so, they are clearly overwhelmed by another factor,
namely “thermodynamic” access to the intermediate
one-electron reduction state. (Expressed another way,
the single most important factor is apparently the value
of the isolated Re(V /1V) (or Re(IV /1ID) potential in
comparison with the overall (i.e. Re(V /1II)) potential.)
Additionally, there are reactivity effects related to the
coupling of ET to proton uptake. Of course, these are
absent in the pH-independent oxidation processes.

5. Conclusions

HOPG electrodes can be employed to bring the
ordinarily quite fast interfacial kinetics of dioxorhe-
nium(V) oxidation into the range of routine experimen-
tal accessibility. Within this range, the kinetics of cis-
dioxorhenium(V) oxidation are consistently slower than
those of trans-dioxorhenium(V) oxidation. Seemingly
consistent with kinetics observations, the cis compound
suffers a detectable displacement in the symmetric
Re-0O oxygen stretching coordinate during ET, but the
trans compound does not. However, a more quantita-
tive analysis shows that differences in metal-oxo dis-
placement are too small, in a Franck—Condon sense, to
account for the rate difference. The cis—trans reactivity
difference instead appears to be related chiefly to
differences in Re—N displacements. For the cis reac-
tion, these displacements (along with the oxo displace-
ments) can be quantified via a time-dependent analysis
of Raman scattering data. The analysis shows that the
most important activation barrier component is the
symmetrical Re—-N(bpy) displacement. However, this
component is present only in the cis oxidation, thereby
accounting for the diminished kinetics for cis oxidation
compared with frans oxidation.
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