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Generation of Triarylamine Radical Cations through Reaction of Triarylamines with Cu(II)
in Acetonitrile. A Kinetic Investigation of the Electron-Transfer Reaction
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Triphenylamine derivatives react with Cu?* in acetonitrile to give radical cations, which subsequently undergo
dimerization to provide tetraphenylbenzidine derivatives. Kinetic aspects of radical cation formation were
examined by stopped-flow spectrophotometry. A broad range of triphenylamine derivatives were studied,
and the driving force for the electron-transfer reaction ranged from +3.67 to —8.56 kcal M ™! with rate constants
varying from 1.09 x 107 to 2.15 x 10° M~! s™! for these systems. Reorganization energy for the electron-
transfer reaction was estimated using experimentally determined activation parameters. Fitting of the rate
data to the Marcus equation using different values of the electronic coupling matrix element H provided a
good fit with Hy = 100 cm™! suggesting that electron transfer in the TPA/Cu®" system conforms to the
Marcus-type electron transfer. Furthermore, the high reorganization obtained from these studies is consistent
with significant bond cleavage in the transition state, and a mechanism consistent with the experimental data

is proposed.

1. Introduction

Amine radical cations are principal intermediates in several
single electron-transfer reactions.!™ They are also important
intermediates in technological applications such as imaging and
photopolymerization.** Several methods are now available to
generate amine radical cations and study their properties. Most
important among these is the anodic oxidation of amines in polar
solvents such as acetonitrile.®"® Other methods include treatment
of the amine substrates with oxidizing metals, Lewis acids, protic
acids, and onium salts.? Photoionization'? and inclusion in zeolite
cavities'""'? are also known to generate amine radical cations.
In most of these cases, mechanistic and kinetic aspects of radical
cation formation are not explored. Dependence of the reaction
rate on important factors such as oxidation potential of the amine
is also not studied.

Recently, we observed that radical cations of aromatic
amines can be prepared easily by the reaction of precursor
amines with copper(Il) perchlorate in acetonitrile (ACN).!3713
For example, several triphenylamine (TPA) derivatives
reacted with Cu?' in acetonitrile to give radical cations
(TPA™*) as shown in Scheme 1.

TPA"* formed underwent dimerization to give tetraphenyl-
benzidines (TPB) in very good yields, and the Cu™ generated
was converted to the stable tetrakis(acetonitrile)copper(I) com-
plex ([Cu(ACN),]*). Although Scheme 1 is consistent with
electron transfer from TPA to Cu®", the mechanistic details of
these reactions were not known. Our investigations now show
that for several TPA derivatives the rates of radical cation
formation could be measured using stopped-flow spectropho-
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tometry, and results of this study are presented here. We are
interested in developing an understanding of the measured rate
constants and activation parameters in terms of the elementary
steps of a model outer-sphere electron-transfer mechanism. As
a consequence, a major objective of the study was to correlate
the activation parameters obtained from the kinetic studies to
the free energy change associated with the reaction and to
determine if the reaction conforms to the Marcus theory of
electron transfer. We anticipated that the kinetic investigations
would provide a better understanding of the mechanistic aspects
of this electron-transfer reaction. Recent years have seen
considerable efforts to analyze several organic reactions in terms
of established electron-transfer theories, and the present work
is also an attempt in that direction.!®~!

2. Experimental Section

TPA derivatives 1—8 were synthesized according to literature
procedures.'> Copper(Il) perchlorate was purchased from Ald-
rich. Spectroscopic grade acetonitrile was used for the kinetic
investigations. The electronic absorption spectra were recorded
on a Shimadzu 3101PC UV—vis—NIR (near-infrared) scanning
spectrophotometer. Redox potentials of the TPA derivatives
were recorded using a BAS CV50W voltammetric analyzer.
Solutions of the TPA derivatives (1 x 1073 M) in acetonitrile
containing 0.1 M tetra-n-butylammonium hexafluorophosphate
as supporting electrolyte were thoroughly deaerated before use.
A glassy carbon electrode was used as the working electrode,
a platinum wire was used as counter electrode, and the potentials
were referenced to SCE. Kinetic experiments were performed
with a computer controlled SX 18 MV stopped-flow spectro-
photometer (Applied Photophysics). Temperature dependence
studies were carried out over a range between 15 and 50 °C
using a Neslab circulator connected to the sample-handling unit
of the stopped-flow reaction analyzer. The step size used for
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SCHEME 1: Scheme for the Generation and Reaction of TPA'+
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TABLE 1: TPA Derivatives, Their Oxidation Potentials,
AG" Values, and Absorption Maxima of TPA"*

Compound Structure Eo, Vvs  AG° kcal  Arpas,
Number SCE m! nm
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the temperature study was 5 °C, and each kinetic trace was
recorded at a known temperature that was measured by a
thermocouple in the reaction cell.

3. Results and Discussion

Structures of the TPA derivatives (1—8) studied are shown
in Table 1. Mixing the TPA derivatives with Cu(ClOy),*6H,0
in acetonitrile results in the formation of a deep blue color
indicative of the formation of TPA"*. An example is given in
Figure 1, which shows the absorption spectra of 1 in the absence
and presence (immediately after mixing) of 1 equiv of Cu*.
The strong band formed at 737 nm in the presence of Cu®" is

o+

youl I
Feget

2
o+

TPA

assigned to the radical cation (1'") based on literature reports
and our own previous studies.'®

For all the TPA derivatives studied, radical cation absorption
maxima (Arpa-+) were observed in the 650—730 nm region
(Table 1). Formation of radical cations 1""—8 in these reactions
was also confirmed by observation of their EPR (electron
paramagnetic resonance) spectra.'> Since an electron transfer
is involved in the reaction in Scheme 1, the free energy change
AG" for this process could be calculated using the standard
expression

AG’ =E, — E., — ¢’/de, (1)

where E is the oxidation potential of the TPA derivative, E\eq
is the reduction potential of the Cu?", d is the center-to-center
distance between TPA and Cu(ClO,), hexahydrate in the
collision complex, and &; is the dielectric constant of ACN. E
values for all the TPA derivatives were measured in ACN using
cyclic voltammetry (Table 1). The Coulombic term in eq 2 was
calculated assuming d = 8 A. Using these values, the AG®
associated with TPA"" formation were calculated for all TPA
derivatives, and these values are presented in Table 1. For the
series of TPA derivatives 1—8 listed in Table 1, AG® values
varied from —8.56 to +3.67 kcal M~!. For TPAs 1—-5, AG®
values are negative, and the reactions are exergonic. For TPAs
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Figure 1. Absorption spectra of 1 (5 x 1073 M) in the absence (---)
and presence (—) of Cu(ClOy),*6H,0 (5 x 107> M) in acetonitrile.
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Figure 2. (A) Absorbance—time profile for the formation of TPA™*
from 1 to 5 (20 x 107* M) and Cu(ClO,),*6H,0 (1 x 107* M) in
ACN. (B) Absorbance—time profile for the formation of TPA"* from
6 to 8 (20 x 107 M) and Cu(ClOy4),*6H,0 (1 x 107* M) in ACN.

6—9, where the molecules contain electron withdrawing sub-
stituents, AG® values were positive. For all these systems, radical
cation formations were observed in the 600—800 nm region,
and these absorptions could be monitored by the stopped-flow
technique to obtain the kinetic information reported here.

Formation of the radical cations for all TPA derivatives was
studied using stopped-flow spectrophotometry. The rate of
TPA"* formation was dependent on the AG® value and was
fastest for 1 and slowest for 8, as shown in Figure 2A,B.

In addition to TPA systems shown in Table 1, the radical
cation formation for tris(4-methoxyphenyl)amine (E,x = +0.52
V, AG® = —11.1 kcal M™") and di(4-nitrophenyl)phenylamine
(Eox = +1.35V, AG® = +8.05 kcal M™") was also investigated
under the same conditions. Formation of the radical cation was
too fast for the former and too slow for the latter, and these
systems could not be studied. Figure 2 reveals that, for the
dimethoxy derivative 1, radical cation formation was complete
within 30 ms, whereas for the nitro derivative 8 radical cation
formation was not complete even at 10 s.

In order to obtain rate constants of the electron-transfer
reaction, stopped flow experiments were performed under
pseudo-first-order conditions ([TPA] > 20 x [Cu**]). Growths
of the TPA'" absorptions were exponential under these condi-
tions. The growth profiles were fit to a first-order kinetic
equation to obtain observed rate constants. (ko,s = ke[ TPA],
where k., is the bimolecular electron-transfer rate constant.) To
obtain k values, the k., values were determined at different
concentrations of TPA and plotted against [TPA] as shown in
Figure 3. Straight lines were obtained for all systems, and ke
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Figure 3. Plots of the pseudo-first-order rate constants vs TPA
concentration for TPA derivatives 1—8.

TABLE 2: Rate Constants and Activation Parameters for
the Electron Transfer between TPA and Cu?* in ACN

AH*, AG#, E,, AG*,

kcal AS* kcal kcal kcal  kcal

TPA ke, M1 s7! M MI'K!' M M™! M!
1 214560 £ 6644 636 —0.024 13.98 6.96  6.66
2 26638 + 1210 890 —0.019 14.61 9.50 9.20
3 16934 + 413 11.04 —0.015 1538 11.63 11.33
4 9282 + 241 11.83  —0.013 15.67 1242 12.12
5 5960 + 357 12,63 —0.005 1590 13.22 1292
6 608 £+ 20 14.55 —0.010 17.47 15.14 14.84
7 376 £ 7 15.64 —0.003 17.68 16.23 15.93
8 109 +2 1690 —0.008 1847 17.50 17.20

¢ Experimental values are reported as +o.

SCHEME 2: Kinetic Scheme for TPA'" Formation
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values were obtained from the slopes of these plots. The ke
values obtained varied from 1.09 x 10> M~ s™! for 8 to 2.15
x 10° M~! s7! for 1 as shown in Table 2.

To understand the reaction, probable elementary steps were
considered to obtain a kinetic equation. Since electron transfer
between TPA and Cu’' is a bimolecular reaction, it would
involve steps such as formation of the encounter complex,
reactant separation, electron transfer within the encounter
complex, reverse electron transfer, and product separation as
shown in Scheme 2.

The assumption of steady-state conditions for (TPA:Cu*")
and {TPA"" + CuT}leads to the following equation.?>?3
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—d[TPA]/dt = k_[TPA] [Cu2+] )
where

ko = {(kyk_ kol k_)ks 31 + (kslk_y) + (kpkslk_ (k)]
3)

If we assume that k; > k_,, then k3/k—, > 1, and the equation
reduces to

k= {(kytk_ Yotk ks ) (kylk ) + (kokslk_ k)]
“4)

If we further assume that k_, > k,, the equation further reduces
to

ky = (ky/k_)k, 4)

(ki/k—;) = Ky, the equilibrium constant for encounter pair
formation. Thus, the observed second-order rate constant for
the electron-transfer reaction is the product of the equilibrium
constant for encounter pair formation and the rate constant for
electron transfer. Usually, k; ~ k—; and, hence, Kg~ 1 M. In
the derivation above, two assumptions were made whose validity
needs to be examined. The products of electron transfer, namely,
TPA™" and Cu™, are both positively charged and repel each other
thereby facilitating product separation leading to a high value
for k3. For TPA derivatives 1—5, the free energy change for
the reverse electron-transfer process will be positive which
results in small k_, values. Both factors support our assumption
that k3 > k_,. Since the observed rate constants are well below
the diffusion limit, the second assumption is also reasonable.
According to the activated complex theory, k, is given by

k, = (kgT/h) exp(—AG"/RT) (6)

where kg is the Boltzmann constant, 7 is the temperature, % is
Planck’s constant (kg7/h represents the frequency with which
the activated complex crosses over to products), and AG* is
the free energy of activation. (AG* = AH* — TAS*, where AH*
and AS* are the enthalpy and entropy of activation, respectively.
Since the reactants are not charged, work terms can be
neglected.) Substituting into eq 5 provides

k,, = K (kyT/h) exp(—AG"/RT) (7)

If we assume that K is temperature independent, the activation
parameters can be determined by studying the temperature
dependence of k. For all the TPA/Cu®" systems, ko, values
were obtained at different temperatures, and the data were
plotted using the linear form of the Eyring equation (8).24%

In(k

obs

hlkgT) = —AH'IRT + AS'/R ®)

Plots of In(kowsh/kgT) vs 1/T for all the systems studied are
shown in Figure 4. For the dimethoxy derivative 1, radical cation
formation was too fast at temperatures above 310 K. Hence,
this system was studied in the range of 288—303 K. Other
systems were studied in the range of 298—323 K. From the
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Figure 4. Eyring plots for all TPA/Cu®>" systems in ACN.

slopes and intercepts of these plots, AH* and AS* values were
obtained. Using these values, the free energy of activation (AG*
= AH" — TAS") and energy of activation (E, = AH" + RT)
were also obtained. These values are presented in Table 2 along
with the observed k. values.

In the Marcus formalism of electron transfer based on reactive
collisions, the rate constant for electron transfer is written as

k, = Z exp(—AG*/RT) ©))

where Z is the collision rate and AG* is the Marcus free energy
of activation.?*"2® Because of the different formulations, the
Marcus free energy of activation differs from the activation
energy E,. These quantities are related as shown in eq 10.

E, = AG* + RT/2 (10)

Values for AG* were calculated using eq 10, and these are also
given in Table 2.
According to Marcus theory, AG* is given by

AG* = (AG® + 1)*/4) (11)

where A is the reorganization energy needed for the electron-
transfer reaction.?*28  is a combination of (i) internal reorga-
nization energy (/;) arising out of changes in bond lengths and
bond angles and (ii) solvent reorganization energy (4,) arising
from the changes in the solvent shell surrounding the redox
species.

For the TPA/Cu®* reactions studied here, IAG°l values are
small. For a series of similar ET (electron transfer) reactions, if
IAGAl is small, eqs 9 and 11 suggest that a plot of kg7 In ke
vs —AG° will be linear with a slope equal to '/,.2°73! In Figure
5, kgT In k. values are plotted against —AG° along with a
theoretical line with slope = !/,. The first six experimental points
fall on the line indicating that eqs 9 and 11 hold good for the
TPA/Cu®" reaction. This confirms that these reactions follow
the Marcus equation for outer-sphere electron transfer. For the
last two systems, the assumption IAG%Al may not be valid and
results in the observed deviation.

The experimental data were further analyzed using the
semiclassical Marcus equation,

ky, = /) (H ) (4mhksT) " exp[—(AG® + A)*/42kT)
(12)
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Figure 5. Plot of kgT In ko, vs —AG" for the TPA/Cu®* systems studied.
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where H, is the donor—acceptor coupling element and A is
Planck’s constant divided by 27z. In order to compare the
experimental k. values with theoretical values from eq 12, Hy
and A values were required. These were obtained as follows.

For the TPA/Cu®*" systems examined here, AG* varied from
6.66 kcal M~! for 1 (AG® = —8.56 kcal M™!) to 17.20 kcal
M~ for 8 (AG® = +3.67 kcal M) as shown in Table 2. The
AG* values obtained were fit using eq 11 by employing different
A values. The data points along with the best fit (solid line)
obtained using 4 = 48.43 kcal M~ are shown in Figure 6. This
approach assumes that, for the series of TPA derivatives 1—8,
the electron-transfer reactions follow the same mechanism and
that the reorganization energy A is relatively constant in the
series.

Using the A values thus obtained, experimental k., data were
fit using eq 12 (substituted into eq 5) with A = 48.43 kcal M~
and different values of H,. The best fit obtained (solid line)
using H, = 100 cm™' along with experimental data points is
shown in Figure 7, with good agreement between the two. The
H, value used for the fit is less than kg7, suggesting that the
electron transfer between TPA and Cu®* shown in Scheme 1 is
nonadiabatic and proceeds by an outer-sphere mechanism. Since
—AG" < 1 for the cases studied, the data points fall in the lower
part of the normal region of the Marcus parabola.

For photoinduced electron-transfer reactions between organic
donors and acceptors, the reorganization energy generally is in
the range of 25—35 kcal M™! and, hence, the value of 48.4
kcal M~! obtained for the TPA/Cu** systems seems to be very
high.*> The high A value is attributed to the high internal
reorganization energy associated with the Cu?*/Cu’ redox
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Figure 7. Plot of In k. vs AG® for the TPA/Cu®*" reaction. The solid
line is a fit using Hy = 100 cm™' and 1 = 48.43 kcal M.,

reaction. Cu®" is a d? system and adopts a distorted-octahedral
type six-coordinate geometry or a square pyramidal or trigonal
bipyramidal type five-coordinate geometry. Cu™, on the other
hand, is a d'° system and adopts a four-coordinate tetrahedral
geometry.*>** Thus, the reduction of Cu?* to Cu™ would involve
the rupture of one- or two-coordinate bonds and a change of
the remaining bond angles. Equation 12 is based on the
assumption that no chemical bonds are broken or formed during
the electron-transfer process. Since bond rupture or formation
is involved in the Cu?*/Cu™ redox process, some researchers
have questioned the validity of applying the Marcus equation
to Cu?*/Cu™ reactions.’>® However, the Marcus equation has
been successfully applied to a large number of Cu®**/Cu™
electron-transfer reactions®” and, hence, we believe that the same
can be done in the case of the TPA/Cu®>" electron-transfer
reactions.

In Cu(ClOy), hexahydrate, the Cu®* is bonded to six water
molecules in a distorted octahedral geometry.*® Four of the
Cu—OH,; bond lengths are nearly equal (~1.96 A) while the
other two are substantially larger (2.388 A). When dissolved
in ACN, the complex most probably exists as [Cu(OH,),-
(ACN)s_,]*" (n = 0—3) with [Cu(OH,),(ACN),]*" as the
dominant species in 99% ACN.* The Cu—ACN bond length
in [Cu(OH,)>(ACN),J** is 1.975 A.% Electron transfer from TPA
leads to formation of [Cu(ACN),]", which contains four
acetonitrile molecules arranged in a tetrahedral fashion around
the Cu™ (average bond angle of 109.4° and average Cu—N bond
length of 1.99 A).* Note that the Cu—ACN bond lengths do
not change much during the electron-transfer process.>* On the
basis of these factors, we suggest the scheme in Figure 8 for
electron transfer in the TPA/Cu®" systems.

The precursor complex is shown in the left, the transition
state is shown in the middle, and the successor complex is shown
in the right. Upon proceeding from the precursor complex to
the transition state, the Cu—OH, bonds weaken and the
Cu—ACN bond angles change. Following electron transfer, the
two Cu—OH, bonds are cleaved and the Cu—ACN bonds
assume tetrahedral geometry in the successor complex, which
subsequently dissociates into the products TPA™" and
Cu(ACN),". Since the electron transfer involves breaking of
bonds and changing bond angles, the internal reorganization
energy would be very high. In an attempt to determine if the A
obtained is reasonable, this value was used to estimate the
reorganization energy for the Cu>*/Cu* self-exchange reaction
(Acw*icut) and compared to values from the literature.
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Figure 8. Schematic diagram of the electron-transfer process in the TPA/Cu** system.

Reorganization energies for self-exchange reactions can be
obtained using eq 9, if rate constants for self-exchange reactions
are known. Because of the high reorganization energy, aqua-
copper(II/T) and acetonitrilecopper(II/T) self-exchange reactions
are extremely slow and difficult to study directly and indirect
techniques are often used to estimate rate constants of these
reactions.’” Irangu et al. recently estimated a value of 4.0 x
1078 M~! s7! for the self-exchange rate constant (kc2+c,+) for
Cu?*/Cu? in 100% ACN.? Substituting this value in eq 9, we
obtained AG* = 25 kcal M™! (assuming Z = 10'! M~! s71),
Since AG® = 0 for the self-exchange reaction, Ac2+cyt = 4 x
AG* = 100 kcal M, which is a very high value compared to
that of other metal ions.*' This value can be used to obtain a
theoretical estimate of the reorganization energy for the TPA/
Cu®" reaction using the cross relationship in eq 13.

/ITPA/CuZJr = (1/2)()“TPA/TPA'Jr + /1Cu2+/Cu+) (13)

where Atpasrpar+ is the reorganization energy for the TPA/TPA™
self-exchange reaction. It is difficult to study intermolecular
TPA/TPA'" self-exchange reactions, but reorganization energy
for the same can be calculated using standard equations. Arpa,
TpA-+ has contributions from A; and A,. The A; contribution was
calculated previously from the energies of the neutral and radical
cation forms of TPA using AM1(UHF) and BPWI1-DFT
calculations, and the value obtained was 3.23 kcal M~'.*? The
small value of /; indicates that the geometric change associated
with radical cation formation is very small. 4, can be calculated
using eq 14.

Ay =A@ 2 —d Ve, g (14)

In eq 14, r| and r, refer to the radii of TPA and TPA'™, d is the
center-to-center distance, and &, and & are the optical and static
dielectric constants of the solvent, acetonitrile. Since the
geometric change associated with radical cation formation is
very small, we can assume that r; & r,. The radius of TPA
obtained from AM1 is 5.3 A. Taking d = r; + r,, we obtain 4,
= 16.54 kcal M™!. Thus, these calculations gave Arpapa~ =
19.77 kcal M™!. Substituting in eq 13, we get Arpasc+ = 59.89
kcal M™!, which is about 20% higher than the value we obtained
from fitting our kinetic data (Figures 5—7). It is to be noted
that for the aquacopper(II/I) self-exchange reaction, estimated
key+icut values varied in the range of 1.9 x 1074—=5.4 x 1077
M1 5784 If we use these ket values in eq 9, At
values in the range of 39.7—94.3 kcal M™! are obtained. On
the basis of the Born—Oppenheimer molecular dynamic simula-
tion studies, Blumberger has recently suggested that the
reorganization free energies for Cu® and Cu?" are asymmetric
and differ by 1.0 eV.*® A¢y2+/c+ estimated from this study was

3.9 eV (89.9 kcal M™"). While these studies disagree on the
actual value of kcy2tcyt, they all show that the self-exchange
rate constant is exceptionally small in the aquacopper(Il/T)
system due to the large reorganization energy associated with
the reaction. It is important to emphasize that our study also
shows the involvement of large reorganization energy in the
Cu®>*/Cu™ redox reaction.

4. Conclusions

We have studied the kinetic aspects of the electron-transfer
reaction between TPA and Cu?* in acetonitrile as a function of
the driving force and temperature. The second-order rate
constants exhibited a dependence on the AG values and varied
in the range of 1.02 x 10>—2.15 x 10° M~ s™! when AG® was
varied from +3.67 to —8.56 kcal M~!. From the temperature
dependence studies, the activation parameters for the reactions
were determined. The reorganization energy estimated using
experimental AG* values is rather high. The experimental rate
constants fit well to the Marcus equation which confirms the
involvement of an outer-sphere electron transfer taking place
in this reaction. The high reorganization energy is consistent
with the cleavage of Cu—OH, bonds in the transition state, and
a mechanism consistent with these observations is proposed.
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