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Abstract: Kinetic isotope effects have been measured for redox reactions of Fe(H,0)4%*, Fe(D,0)s2*, and Fe('80H,)¢** with
a series of M!!(bpy), oxidants (M = Fell!, Rull!, Cr'!!). The rate ratios k(‘*OH,)/k('30OH,) are well predicted by the recent
treatment of Buhks, Bixon, and Jortner (J. Phys. Chem., 85, 3763 (1981)). Deuterium isotope effect measurements are complicated
by the difference of the Fe(aq)?*/** reduction potential in H,O and DyO: E%+ /33,0 — E%per+/p,0 = —0.040 V. After correcting
the observed rates for the change in reaction driving force, an isotope effect of 1.3 is estimated for cross reactions involving
Fe(aq)?*/** (at AE = 0). This value is larger than predicted and ~20% greater than that observed in the 'OH, vs. '*OH,
experiments, possibly reflecting a contribution of “frozen” O—H modes in the reaction coordinate. Similarly, N-H modes

may be involved to some extent in reductions of Co(NH;)¢**.

In the early 1960’s, a number of studies of isotope effects in
inorganic electron-transfer rates appeared.! These studies sub-
sequently waned, since no appropriate theory was available to guide
the design and interpretation of such experiments. However,
growing interest in quantum mechanical effects (e.g., nuclear
tunneling) in electron-transfer reactions? has stimulated a search
for experimental probes of quantum effects. Recently, Buhks et
al. noted that kinetic isotope effects can in principle provide a probe
of quantum effects in electron transfer at room temperature, and
they obtained explicit expressions to predict such effects.> This
treatment of KIE (kinetic isotope effects) is based on nonadiabatic
multiphonon quantum mechanical theory of electron transfer in
solution which presents the electron-transfer transition probability
as a product of electronic interaction and Franck—Condon factors
for nuclear vibrational modes. The key point in this analysis is
that for many redox reactions, particularly of transition metals,
quantum effects can arise when high-frequency (metal-ligand)
modes (with frequency Aw > kT) undergo distortion during an
electron-transfer reaction.

Consider, for example, the outer-sphere oxidation of Fe-
(H,0)¢?*. On oxidizing Fe*(aq), the Fe—O bond lengths must
decrease by ca. 0.15 A (vide infra). This nuclear reorganization
necessarily precedes electron transfer.>!> In many cases, this
reorganization occurs by vibrational excitation of the appropriate
mode (e.g., Fe—O symmetric stretch, Aw ~ 400 cm™). However,
when Aw 2 kT the vibrational mode which allows nuclear re-
organization cannot be fully populated by thermal excitation.
Therefore, the electron-transfer reaction must occur (to some
extent) by nuclear tunneling (i.e., tunneling through the barrier
separating the diabatic potential surfaces in the space of nuclear
coordinates). A pictorial representation of these concepts can be
found in ref 2c. Since this quantum effect depends on the met-
al-ligand frequency Aw, it can be modulated by changing this
frequency by isotopic substitution. It follows that kinetic isotope
effects should be observed in outer-sphere electron-transfer re-
actions that involve substantial inner-sphere reorganization.
Well-known examples include redox reactions involving Fe-
(H,0)¢** and Co(NH,)**. Initial attempts to fit the best available
experimental data on kinetic isotope effects with quantum me-
chanical theories seem disappointing.?

For the reactions

Co(NHjy)¢** + Cr(bpy)s** — Co(NH;)¢™* + Cr(bpy)s** (Ta)
Co(ND;)g** + Cr(bpy);** — Co(ND;)¢™* + Cr(bpy);** (Ib)
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a deuterium isotope effect (ky/kp)yres = 1.12 is predicted, while
the observed effect is (ky/kp)obss = 1.35.2° The calculations
correspond to the model where the kinetic isotope effect is due
to a change of the metal-ligand vibrational frequency upon
substitution of H by D. However, several explicit predictions of
theory remain untested. Chief among these is the suggestion that
the isotope effect should decrease as the reaction driving force
(AE) increases.

Finally, experiments have been complicated by the effect of
solvent deuteration on redox potentials of many reactants.
Weaver® has suggested that most observed deuterium isotope
effects could be accounted for in part by this difference.

In order to clarify all these points, we have studied kinetic
isotope effects in the electron-transfer reactions of Fe!'(OH,)¢>",
Fe!'(OD,)¢2*, and Fel'(180H,)¢**. An explicit correction for
deuterium solvent isotope effects on the thermodynamic driving
force is introduced. Three major conclusions emerge from this
work as detailed below.

(1) Theory semiquantitatively predicts the kinetic isotope effect
for substitution of *OH, by '*OH, in the reaction Cr(bpy);>**
+ [Fe(OH,))?* — Fe(OH,)¢** + Cr(bpy);2*. (2) Theory cor-
rectly predicts a decrease in the kinetic isotope effect as the
reaction driving force increases. (3) The observed isotope effect
for replacement of H,O by D,0 is significantly larger than pre-
dicted even after correcting for the solvent dependence of reaction
driving force.

In conjunction with data for analogous Co'!! systems, the results
suggest that high-frequency O—H (or N-H) modes, which remain
“frozen” during electron transfer, may dominate H/D isotope
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Figure 1. Cyclic voltammograms of Fe?*(aq) in 'H,0 and D,0. Pol-
ished Pt disk working electrode, 25 °C, 0.16 M NaClO, and 0.04 M
HCIO,; scan speed 20 mV /s.

effects and affect the rates of electron transfer.!®

Materials and Methods

Materials. Ferrous ammonium sulfate (Baker) was recrystallized
from water.

Fe(bpy);**, Fe(4,4-Me,bpy);** and Fe(phen);** [bpy = bipyridine;
phen = phenanthroline] were prepared by addition of a stoichiometric
amount of the ligand to Fe!! solutions in 0.1 M H,SO,, oxidation by lead
dioxide, and crystallization of the Fe!!! products as perchlorate salts by
slow addition of LiC10, and cooling. Ru(bpy);?* (G. F. Smith Chem)
was oxidized as above and isolated as the perchlorate salt. Cr(bpy);**,
Cr(4,7-Me,phen);**, and Cr(3,4,7,8-Me,phen);** were prepared by ad-
dition of anhydrous CrCl, (or electrolytically reduced Cr!') to a degassed
aqueous suspension of the ligands.” After 5 min of stirring under N,
the solutions were oxidized by bubbling with O,. Excess Cr'!! was filtered
off, and excess ligand removed by adjusting the solutions to pH >7 and
filtering, or by repeated extractions with 2-pentanone. The yellow
aqueous layer was concentrated on a rotovap and chilled, whereon ana-
lytically pure yellow crystals separated. All the metal(III) bipyridyl and
phenanthroline complexes were stored dessicated and frozen until use.
They were dissolved in 0.04 M H,SO, solution within 30 min of use and
were rigorously protected from light.

D,O was obtained from Aldrich and was 99.8% D.

H,0 was doubly glass distilled.

H,'®0 was obtained from Stohler Isotopes. Purity was >98% 180 and
>98% 'H.

Stopped-flow measurements were made on a Durrum D-110 stopped
flow equipped with dual detection and interfaced to a PDP 11/45. All
reactions were repeated 3-4 times and then repeated with different
preparations of Fe?* and the oxidants.

Emission quenching measurements were made in a Perkin-Elmer
MPF-44A spectrofluorimeter. Small aliquots (<10 xL) of degassed Fe?*
solutions in 0.04 M H,SO, were added by a gas-tight microliter syringe
to N,-saturated solutions of the Cr complexes. A small volume
fluorescence cell (volume < 0.5 mL) was used. Mixing was ensured by
repeated inversion or with an agitation mixer. Some experiments were
also carried out in air. No difference was found in the observed isotope
effect between air-saturated and Nj-saturated experiments. Experiments
were repeated in triplicate with individually prepared reagents for each
run. Precision of better than 1% was observed in the best case, using
Cr(Me,phen);** as the electron acceptor. The data were analyzed by a
standard Stern-Volmer procedure, plotting Io/I vs. [Fe?*]. ky/kp and
ki6/ kg were obtained from the ratio of the slopes of the Stern-Volmer
plots.

Electrochemical (cyclic voltammetry) measurements were made on a
PAR eclectrochemistry system consisting of a Model 173 potentiostat
galvanostat and a Model 175 universal programmer (waveform genera-
tor). A three-electrode system was used which included a freshly polished

(7) (a) D. Miller, Ph.D. Thesis, University of Rochester, 1981. (b) B. R.
Baker and B. D. Mehta, Inorg. Chem., 4, 848 (1965).
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Figure 2. Stern-Volmer quenching of Cr(4,7-Me,phen);** by Fe?*.
Stern-Volmer quenching of 2E Cr(4,7-Me,phen);** by Fe?* in '$OH,
(upper line) and '*0OH, (lower line).
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Figure 3. Stopped-flow kinetics traces of the oxidation of Fe?* by Fe-
(4,4-Me,bpy);** in H,0 and D,0O (0.01 M H,SO,).

Pt disk (or glassy carbon) working electrode, an AglAgCl or calomel
reference electrode, and a Pt (spiral) auxiliary electrode. The three
electrodes were held in fixed, reproducible positions by the design of the
cell top. Individual cyclic voltammetry experiments were repeated with
several different preparations of Fe?*(aq). Cathodic peak—anodic peak
separations (£,,) at a given scan rate were reproducible to <5%. Solu-
tions were N, scrubbed and an N, blanket was maintained over the
solutions.

Results and Discussion

Redox Potentials. Since Fe(aq)?*/** formal potentials are
somewhat medium dependent, redox potentials were determined
for all reagents used in these studies, in 0.04 M HCIO, and 0.16
M NaClO,. Cyclic voltammograms for Fe(aq)**/** in H,0, D,0,
and '8OH, are shown in Figures 1 and 4. The oxidation potential
of Fe(aq)**/** in D,0 (E%,o = 0.76) is greater than that in H,0
(F%;,0 = 0.72) by 0.040 V. This difference agrees precisely with
the previous report by Weaver.5 Elegant studies by Weaver’s
group have suggested that this solvent dependence of the reduction
potential partly reflects different solvation entropies in D,O and
H,0. The original papers® should be consulted for details. In
D,0, the observed cyclic voltammograms are only quasireversible!’
(Epp 2 80 mV) even at scan rates of 10 mV /s, while the cyclic
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Figure 4. Cyclic voltammograms of Fe?*(aq) in '*OH, and '*OH,, same
conditions as Figure 1. Scan speed = 5 (-) and 20 mV/s (---).

Table I. Redox Potentials® for MIH(bpy)33* Homologues
E°(3+/ *EO (M %3/
complex 2+),V M#*),V
Cr(bpy),** -0.24 1.46
Cr(Me,bpy),** -0.40 1.31
Cr(Me ,phen),** -0.44 1.26
Cr(Me, phen),®* -0.57 1.10
Fe(bpy),** 1.07
Fe(Me,bpy), ** 0.92
Fe(phen),3* 1.10
Fe(Me,phen),3* 0.94
Ru(bpy),** 1.26

@25°C, E° vs. NHE, 0.1 M KNO,, 0.01 M H,S0,.

voltammogram in H,O is more nearly reversible. The observed
Fe(aq)?*/3* oxidation potentials in °OH, and '®*OH, are identical
within experimental error (5 mV).

Reversible cyclic voltammograms (E° < 80 mV) were obtained
under corresponding conditions for all the Mbpy systems (M
= Fell!, Crli!l, Ru").'” The results are in good agreement with
previous literature values.®  All the observed electrochemical
measurements are summarized in Table 1.

10H,/!*0H, Kinetic Isotope Effects on Excited-State Elec-
tron-Transfer Quenching. Small kinetic isotope effects on elec-
tron-transfer rates (k,/k;3 = 1.06 % 0.01, see below) are predicted
when '80H, replaces 'SOH, in Fe(aq)?*. We therefore sought
a very precise kinetic method that requires reasonably small
quantities of 18OH,. A good method is provided by measuring
excited-state quenching reactions.

Cr(LL);*** + Fe(OH,)¢2* — Cr(LL),2* + Fe(OH,)¢*

LL = bipyridine, 4,7-dimethylphenanthroline,
or 3,4,7,8-tetramethylphenanthroline

These reactions have been studied in great detail by Hoffman,’
Sutin,!® and others.!! Flash experiments,>! reproduced in this
work, showed that all emission quenching was due to electron
transfer, and not energy transfer. Therefore, precise kinetic data
can be obtained by measurement of quenching of E Cr emission
intensity by Fe?* (i.e., Stern—Volmer quenching). Stern-Volmer
plots are shown in Figure 2 for quenching of 2E Cr(4,7-
Me,phen);3* by Fe?* in '*OH, and *0OH,. A small but very
reproducible kinetic isotope effect is found, k¢/k;s = 1.08 £ 0.01.

(8) V. Balzani, F. Bolletta, M. T. Gandolfi, and M. Maestri, Top. Curr.
Chem., 75, 1 (1978).

(9) N. Serpone, M. A. Jamieson, M. S. Henry, M. Z. Hoffman, F. Bol-
letta, and M. Maestri, J. Am. Chem. Soc., 101, 2907 (1979).

(10) B. Brunschwig and N. Sutin, J. Am. Chem. Soc., 100, 7568 (1978).

(11) N. Serpone, Coord. Chem. Rev., 39, 121 (1981).

Table II. Kinetic Isotope Effects for Outer-Sphere Redox
Reactions of Hexaaquo Fell

ky/ (ku/

reaction AEy kplobsd KDleorr®  Kislkis

Fe(Me,bpy),* + FeH 0.15 2501 1.22
Fe(phen),3* + Fell 0.30 2.2+0.1 1.17
Ru(bpy),* + Fell 0.56 18+0.1 1.09
Cr(Me,phen), ** + Fell 0.35 1.09 + 0.02
Cr(Me,phen), 3** b Fell 050 1.75:0.1 1.03 1.08:0.01
Cr(bpy),* + Fell 075 1.6+0.1 107 1.04+0.01
Ru(bpy), 2** + Felll 1.5 1.0

@ ky/kp, corrected for the potential difference with use of the
equation In (kg/kp) = ([AEp — AEH]/2kT)([AEY/E,] - 1) with
E,=1.5Vand AEp — AE =0.04 V. This equation is strictly
valid only when AEy =0 or AFy = Ey (see text). Thus
(k/kD)eorr cannot be readily compared with & /k , at
intermediate AE'y values.

This reaction has a net driving force AE = Expcpve + E0cp+ — Epean
= 0.5 V. To test the dependence of the kinetic isotope effect on
AE, corresponding data were obtained for Fe** quenching of
Cr(Me,phen);** (AE = 0.40 V) and Cr(bpy);** (AE = 0.75 V).
The quenching data were far less precise for Cr(Me,phen),***,
due in part to the limited solubility of this complex: ky/kjs =
1.10 £ 0.05. For Fe!' quenching of Cr(bpy);***, a quite small
but reproducible effect was obtained, k,4/k15 = 1.035 + 0.005.

Qualitatively, at least, these data do support the theoretical
prediction? that the kinetic isotope effect decreases as AE increases.
The limited number of data preclude a rigorous quantitative
analysis. The theoretical analysis® of the Frank—Condon factors
predicts the largest isotope effect in the “normal” region for AE
= 0, as given by the following expression, accounting for met-
al-ligand vibrational modes:

kig/ ks = exp[Yisg — Yieg) (1)
where
Y = 2(Ad)%w'w”’[w’ coth v + " coth »’]™! )
vV = ho'/4kT v’ = ho''/4kT 3)
and Ad is the reduced displacement
(Ad)? = 6(Arpeo)’m/h 4)

which is determined by a change in metal-ligand distance, Arg, o,
due to electron-transfer reaction, and by a ligand mass m, which
is changed isotopically in our study. «’ and «” designate the totally
symmetric vibrational metal-ligand frequencies in Fe’*(«’) and
Fe?*(w”) oxidation states of iron. The change of these frequencies
upon isotopic substitution of oxygen is given by w(*OH,) =
w('$OH,)(18/20)/2. Thus, if Ao’ = 490 cm™ and Aw” = 390
cm™ for Fe(1*OH,)¢** and Fe(!OH,)¢2*, respectively,'? Ao’ =
465 cm™ and Aw” = 370 cm™! for Fe(1*OH,)3***. Equation 1
is derived for a self-exchange reaction between a pair of ions. In
considering only an oxidation (or reduction) half-reaction (at AE
= 0), Y is reduced by a factor of 2.

If one takes the recent estimate!? of 0.14 A for the difference
(Ar) in iron-oxygen bond lengths in [Fe(H,0)]** and [Fe-
(H,0)4]%*, the '*OH,/'®0OH, kinetic isotope effect for the
Fe?*/Fe** self-exchange reaction in aqueous media is predicted
to be 1.10 (eq 1), while for the oxidation half-reaction only,
(kl(,/kls)md = 1.05 at AE = 0. When a different experimental
estimate of the difference in Fe—O bond lengths is used,!* Ar =
0.17 A, eq 1 predicts k;s/k5 = 1.14 for the same self-exchange
reaction and 1.07 for the oxidation of Fe(OH,)¢2* at AE = 0. An
average metal-ligand frequency for Fe('*OH,)2*/3* is hw = 440
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Chem. Commun., 307 (1966).
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cm™. The electron—phonon coupling parameter S = 1/2(Ad)?Aw
= 13.9 and the reorganization energy of metal-ligand vibrational
modes for oxidation of Fe('*OH,)(>* E. = Shw ~ 0.8 V. Our
preliminary experimental observations indicate that k 4/ k4 is
reduced to unity for AE = +1.5 V (Table II). The isotope effect
should vanish when AE = E, = E, + E.. Thus, with E, = 1.5
V and E. = 0.8 V solvent-reorganization energy is estimated as
E, ~ 0.7 V. Using these values, one can estimate the dependence
of k,¢/ k5 on driving force AE from Figure 2 of ref 3 which was
derived for the similar effect in hexaamine complexes. This
treatment predicts a decrease in the isotope effect from ky4/k 4
= 1.07 at AE = 0, to kl6/k18 = 1.05at AE=0.5 V, to kl6/k18
= 1.03 at AE = 0.75 V. These predicted isotope effects are in
reasonable qualitative and semiquantitative agreement with ex-
periment (cf. Table II).

In summary, the *OH,/!®OH, isotope effect measurements
confirm both the qualitative and semiquantitative predictions of
a quantum mechanical treatment? of Fe(OH,)¢?* electron-transfer
reactions. These results suggest that theory has properly treated
the principal effect of isotopic substitution, and consequent changes
in Aw and nuclear tunneling probability.

Why then does the theory fail to predict the H/D isotope effects
for the reduction of Co(NH,)¢** and Co(ND;)s**? Are reactions
of Co! somehow anomalous, or does deuterium substitution
change more than just the metal-ligand stretching frequency?

To attempt to answer these questions, we next compare the
electron-transfer rates of Fe(OH,),>* and Fe(OD,)¢*.

H-D Kinetic Isotope Effects. Very large changes in rate are
observed in electron-transfer cross reactions of Fe?*(aq) in D,0O
solution vs. H,O solution. For the cross reaction with Fe(4,4’-
Me,bpy),**, ku/kp = 2.5 (see Figure 3 and Table II).

However, as Weaver noted,® and is confirmed in this work, large
values of ky/kp may simply reflect the difference in redox po-
tentials (0.04 V) between Fe(aq)?* in H,O and D,0.!7 For a
classical reaction path, in the high-temperature approximation
electron transfer depends parabolically on the driving force. Using
the classical (Marcus) expression!’ provides a correction for this
solvent effect on AE, as outlined below.

Let
ky ~ exp{-[(AEy - E,)?/4kTE,]} (5)
and
kp ~ expl-[(AEp - E,)?/4kTE,]} (6)
In (ky/kp) = (¢/2kT)[AEy/E, - 1] (7

where ¢ = AEp — AEy < 0and ¢/2E, < 1.

For the cross reactions of Fe?*(aq) with MM (bpy),**, E; has
been carefully estimated!® as E, = 1.5 V. Taking ¢ = -0.04 V,
eq 7 gives a maximum correction of ky/kp = 2.1 at AE;=0V.
This equation has been used to correct the observed values of
ku/kp for driving force, as summarized in Table II.

It may be noteworthy that the “corrected” electron-transfer
isotope effect so calculated (ky/kp ~ 1.2) approaches the value
for Co(NH,)** which undergoes similar reorganization during
electron transfer.* For the cobalt(II) reactions, the solvent isotope
effect is small.>* Therefore, even allowing for some uncertainty
in the correction factor, it seems clear that the (corrected) kinetic
isotope effect on substituting H,O by D,O is significantly larger
than on substituting 1OH, by 1¥*OH,. This is not expected, since
the mass difference (‘*0OH, — 'OH,) = (0D, - *OH,) = 2.
Thus a nearly identical shift in the symmetric metal-ligand
stretching frequency should occur for substitution of *OH, by
160])2 or by 18OI‘Iz.

The most obvious explanation is that deuterium substitution
in FC(OH2)62+/FC(OD2)62+ orin CO(NH3)63+/C0(ND3)63+ not
only affects metal-ligand modes but may also affect high-fre-
quency O—H (or N-H) modes that undergo small displacements
when the metal oxidation state changes. Since O-H and N-H

(17) It is assumed that the H/D solvent effect on the M(bpy);**D*/n*
couple is negligible. This assumption was confirmed in our lab and in ref 6.
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modes occur at very high frequency (e.g., vo_y stretch ~ 3600
cm™), these modes would remain “frozen” during electron transfer,
and electron transfer would necessarily proceed (in the O-H
coordinate) by nuclear tunneling.

For illustrative purposes, the effect of a small oxidation-
state-dependent change in an O—H bond may be considered. For
the purpose of this treatment, an oxidation-state-dependent change
in an O-H bond might directly involve a bound ligand, or the effect
may arise in the second solvation shell. If changes in the average
bonding of the second shell were involved, the number of oscillators
would increase, and Ar would decrease. The contribution of this
“frozen” O—H mode to the isotope effect on the electron-transfer
half-reaction at AE = 0 is given by the low-temperature ap-
proximation® (Awoy « kT):

Eow [ (mo ) 1 _ - Y,
Py B op~ You

®)

In (ko-u/ko-p) =

where

Eon

hwo-y

You = So-u = 12muwon(Arop)?/2h  (9)
Using eq 8 and 9 one can estimate the coupling parameter So g
= 0.5, the reorganization energy for O-H modes £y ;; = 0.2 eV,
and the change of O—-H bond distance due to electron transfer
Aro gy = 0.03 A, These parameters will predict an isotope effect
ratio ko y/kop = 1.25 attributed to the vibrational frequency
of wo-g = 3600 cm™.

A detailed analysis of the deuterium isotope effect on the
electron-transfer rate involves numerical solution of the saddle-
point equation® and calculation of the Franck—Condon factors
when AE, wpeon,, and wo y are allowed to vary with isotopic
substitution. In general, these three effects are mixed together.
Using the classical approximation (eq 7) to correct ky/ky, for the
solvent dependence of driving force gives an error of ~7% when
AE ~ E./2 ~ 0.8 V. The approximation is valid within ex-
perimental error (1%) for small AE (AE/E, < 0.1) and where
AE is close to E, (1 — AE/E, < 0.1). For electron-transfer
processes at AE = 0, all the contributing effects to ky/kp can
be factored into the analytical form

ky/kp =
€
XP\ SkT eXp[YFe-0p, — Yre-0m,) €Xp[Yop — Yo u) (10)

The second exponential in eq 10 can be estimated by mea-
surement of the 1OH,/'30H, isotope effect on iron oxidation at
AE = 0. From extrapolation of the data in Table II, ky/kp ~
2.8 and ky4/kjg ~ 1.1 at AE = 0. The corrected value is (ky/
kp)eorr = 1.3 (at AE = 0). Therefore, tunneling along the O-H
vibration contributes a factor of ~1.2 to the deuterium isotope
effect. This extrapolation from experimental results is quite close
to our estimation of 1.25 on the basis of eq 8.

The parameters thus estimated can provide an evaluation of
the role of high-frequency O-H vibrational modes in electron-
transfer processes in inorganic systems. The possible contribution
of high-frequency O—H modes to the Franck—Condon factors (and
rate) of electron transfer is of the order of exp[-Yoyu] =
exp[-So-u] = 0.5 per half-reaction, or (0.5)? = 0.25 for the
self-exchange. This is quite small compared with the contribution
of metal-ligand vibrational modes (exp[~Yr._on,) = 1 X 107 for
self-exchange reactions of Fe(OH,)¢**/Fe(OH,)¢**). However,
the high-frequency “frozen” O—H vibrational modes may dominate
the kinetic isotope effect upon deuteration, giving ky/kp = 1.2-1.3
instead of the 1.05-1.1 expected when considering only metal-
ligand vibrational modes.

Thus, studies of the kinetic isotope effects k¢/kyg and ky/kp
may provide important information about the mechanism of
electron-transfer processes.'® It is clearly important to establish

(18) I. Bigeleisen, J. Chem. Phys., 32, 1583 (1960).
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whether any O-H bond changes occur (using neutron diffraction,
or perhaps ENDOR). At present, insufficient data are available
to allow a structural comparison. Since theory satisfactorily
accounts for the effect of 130H, substitution, the “frozen mode”
explanation seems an interesting possibility for explaining the large
H/D isotope effects in electron-transfer reactions of Co-
(NH;)¢**/Co(ND;)¢** and Fe(OH,)2*/Fe(OD,)¢**. In any case,
it seems clear that the kinetic isotope effect in Fe?*/3* redox
reactions due to substitution of H,O by D,O is larger than that
due to the substitution of 'OH, by *OH,. Since D,0 and '*OH,
have an identical mass, this kinetic isotope effect Fe2¥/3*(ky/
kp)/Fe?*/3*(k.s/ki5) > 1 cannot be due to metal-ligand modes
alone but incorporates the effect of the change in driving force
and, possibly, the effect of “intraligand” vibrational modes.

Summary

Several conclusions can be drawn from the results pesented here.

(1) The effect on electron-transfer rates of substituting ligands
of different mass, e.g., [Fe(**OH,)s)* /[Fe('*OH,)¢]?*, apparently
can be understood by considering the effect of the mass change
on the frequency (hw) of the symmetric metal-ligand stretching
mode. These results strongly support the recent quantum theories
of electron transfer.>* The specific treatment of Buhks et al.? also
correctly predicts both the direction and magnitude of the de-
pendence of the kinetic isotope on reaction driving force.

(2) By contrast, substitution of H by D in Fe(OH,)¢**/Fe-
(OD,)¢** or Co(NH;)e**/Co(ND;)** causes a larger kinetic
isotope effect than can be explained by the change in metal-ligand

frequency. We wish to suggest that very high frequency (N-H)
or (O-H) modes are involved (to a small extent) in electron-
transfer reactions of some transition-metal complexes. Since these
modes cannot be thermally populated, the reaction must involve
nuclear tunneling. The small calculated changes in O-H (or
N-H) bonds that are invoked to explain the isotope effect might
involve the bound ligand directly, or may be coupled to second
shell solvent.

These initial results suggest a number of further experiments.
In particular, it will be interesting to seek further confirmation
of “frozen mode” behavior in electron transfer. We are pursuing
such studies in reactions of free and coordinated O,. Tempera-
ture-dependence studies of the isotope effect at low temperatures
may provide additional information about the tunneling mecha-
nism of electron-transfer reactions.
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Abstract: The silylation of silica surfaces by dimethyldichlorosilane, methyltrichlorosilane, dimethyldiethoxysilane, and
methyltriethoxysilane has been studied by solid-state 2°Si and '3C NMR, by use of cross polarization (CP) and magic-angle
spinning (MAS). An earlier formalism for the quantitative analysis of the NMR data has been extended for use with polyfunctional
silylating agents and applied in detail to dimethyldichlorosilane reactions. Silylation with ethoxysilane reagents is less amenable
to quantitative interpretation but appears to parallel closely the behavior of analogous chlorosilane reagents. With ethoxysilane
reagents 1*C NMR is found to be quite useful, especially for determining the fate of ethoxy groups. In all of the cases studied,
the products are characterized primarily by single silane-to-surface attachments of each silane silicon atom. The presence
of adsorbed water is found to play an important role in the course and rate of the silylation reactions, especially those employing
ethoxysilane reagents. The NMR data are used to address the question of “horizontal” and “vertical” polymerization within

the “silane phase” on the silica surface.

Introduction

Previous reports have described the use of solid-state Si NMR,
by use of cross polarization (CP)! and magic-angle spinning
(MAS),? in the characterization of silica surfaces®* and their
derivitization by monofunctional silylating agents>® (e.g., tri-

(1) Pines, A.; Gibby, M. G.; Waugh, J. S. J. Chem. Phys. 1973, 59, 509.

(2) Andrew, E. R,; Eades, R. G. Proc. R. Soc. London, Ser. A 1953, 216,
398.

(3) Maciel, G. E.; Sindorf, D. W. J. Am. Chem. Soc. 1980, 102, 7606.

(4) Sindorf, D. W.; Maciel, G. E. J. Am. Chem. Soc. 1983, 105, 1487.

(5) Sindorf, D. W.; Maciel, G. E. J. Phys. Chem. 1982, 86, 5208.

methylchlorosilane and hexamethyldisilizane). These reports have
shown that 2°Si CP/MAS spectra of silica gels are amenable to
quantitative analysis and have included formalisms for deriving
chemically useful structural parameters from such analysis.
In many chemical applications, e.g., chromatographic phases
and supported catalysts, silica surfaces are derivatized by silylating
agents with more than one labile group, e.g., R-Si(OEt); and
R-SiCl;. Such systems are potentially much more diverse in their
silylation chemistry than monofunctional reagents. In addition
to the single attachment to the surface that would result from

(6) Sindorf, D. W.; Maciel, G. E. J. Phys. Chem., in press.
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