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Two different types of radical cations have been studied by means of density functional theory (BLYP) and
mixed Hartree-Fock/DFT (B3LYP) calculations. For the description of the structure and the vibrational
frequencies of aromatic amine radical cations the latter is the best practical method, as illustrated for the case
of N,N,N′,N′-tetramethyl-p-phenylenediamine. For the through-bond coupled radical cations of piperazine
derivatives, HF calculations give completely incorrect results due to the tendency to localize the positive
charge on one of the amino groups. Post-HF corrections are troublesome. The DFT calculations do not
suffer from this problem, which gives them a unique advantage over HF methods in this case.

1. Introduction

Density functional theory (DFT) has made a remarkable
impact on the practice of molecular quantum chemistry1,2 in
recent years following the development of nonlocal gradient-
corrected functionals1,3-6 and the widespread availability of
various DFT methods in standard easy-to-use software pack-
ages.7,8

DFT calculations have shown their superiority to Hartree-
Fock (HF) calculations in many areas, such as vibrational force
fields and IR intensities of closed-shell molecules9 and various
properties of radical ions.10,11 Because orbital relaxation and
correlation effects can apparently be balanced properly, it has
been possible to calculate ionization potentials12 and electron
affinities13,14by directly comparing the energies of the closed-
shell ground-state molecule and the corresponding radical ion.
Recent papers have shown that the vibrational force fields of
aromatic radicals such as the phenoxyl radical15 and the radical
cations of aniline andN,N-dimethylaniline16 are described
remarkably well. In this area simple HF methods perform very
badly, and CASSCF calculations are at least required to obtain
acceptable vibrational force fields.17,18

In experimental studies we are currently engaged in the
investigation of two types of radical cations by means of optical
absorption and resonance Raman spectroscopy, viz. aniline
derivatives16 and piperazines.19 The interpretation of the spectra
obtained requires the support of high-level quantum-chemical
calculations. In this paper we evaluate the performance of DFT
and HF/DFT methods, in particular BLYP3,4 and B3LYP,6 for
structures and vibrational force fields of some representative
radical cations. An ideal test case is the radical cation of
N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD), for which
experimental vibrational spectra20 and crystal structure data21

are available. For some (substituted) piperazine radical cations
the optical absorption spectra and resonance Raman spectra
clearly indicate a charge-delocalized structure,19 while other
piperazine radical cations show a localization of charge and spin
on one of the amino groups.22 In view of the relatively large
size of the molecules of interest (see Figure 1), we have chosen
to use the 6-31G* basis set. Although this is of modest size,
and not at all optimized for use with the DFT formalism, the
combination B3LYP/6-31G* has been demonstrated to be very
cost-effective for the calculation of vibrational force fields of

neutral closed-shell molecules.23,24 As we shall show, this also
holds true for radical cations, although slightly different
frequency scale factors are needed for the UB(3)LYP calcula-
tions. All calculations were carried out with the Gaussian series
of programs.7,8

2. TMPD: Molecular Structure of the Radical Cation

The computed lowest energy structure (Figure 2) of TMPD
belongs to theC2h point group. For the neutral molecule, the
potential energy surface for twisting and pyramidalizing the
amino groups is rather shallow. The lowest energy minimum
is shown in Figure 2. The crystal structure of TMPD was not
resolved to very high precision, and the result does not reflect
the full symmetry of the free molecule. The bond lengths listed
in Table 1 are averaged over the symmetry equivalent bonds.X Abstract published inAdVance ACS Abstracts,April 15, 1997.

Figure 1. Compounds discussed and names or abbreviations used for
them. Radical cations will be denoted simply by adding a+ after the
code; the radical dot is omitted.

Figure 2. Computed molecular structures (B3LYP/6-31G*) of TMPD
(a) and TMPD+ (b).
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For comparison, data for the TMPD/tetracyanobenzene complex
are included.
The B3LYP structure for the neutral TMPD is in excellent

agreement with the X-ray data. The sum of the bond angles
around the nitrogen atoms is found to be 352°, intermediate
between the values expected for ideal tetrahedral (328.4°) and
planar (360°) geometries.
The crystal structure of TMPD perchlorate has been studied

in detail by de Boer and Vos.21,25 The radical cation also has
C2h symmetry, although the molecular framework is essentially
planar (D2h). In Table 1 the calculated bond lengths at three
levels of theory are compared with the experimental data. It
can be seen that a good agreement is found for all three levels,
the BLYP bond lengths being somewhat too long, a systematic
deviation also noted for neutral molecules.5 Although UHF
calculations do not generally yield good vibrational force fields
for aromatic radicals,15-17,26 the computed structure is not too
bad. We note that the spin contamination is much less severe
in this case (〈S2〉 ) 0.82) than in for exampleN,N-dimethyl-
aniline radical cation (〈S2〉 ) 1.29).16

TMPD and related compounds have been extensively applied
in studies of electron transfer processes. The change in
molecular structure upon addition or removal of an electron and
the energy associated with this geometry change are important
factors in determining the rate of an electron transfer reaction.27

The internal reorganization energy,λi, involved in the self-
exchange process (eq 1) has been estimated in different ways.

Grampp and Jaenicke28 used the experimentally known bond
length differences between TMPD and TMPD+ and estimated
force constants for bond stretching. Nelsen,29 and Rauhut and
Clark30 simply evaluatedλi according to eq 2 using AM1
calculations of the energies of the radical cation and the neutral
molecule at their own equilibrium geometries (E(c+) andE(n0),
respectively) and at the geometry of the other species (E(n+)
and E(c0) denoting the energy of the cation at the neutral
geometry and the energy of the neutral at the geometry of the
cation, respectively).31

Experimental rate data of the TMPD/TMPD+ self-exchange,
determined using EPR experiments at 293 K,32 were initially
interpreted assuming an adiabatic electron transfer process and
yielded a small internal reorganization energy ofλi ) 5.1 kcal/
mol. Later,28 slightly higher values were estimated and used
in a different interpretation of more extensive sets of experi-
mental data. Spectroscopic data for the radical cation of the
“TMPD dimer” 1,4-bis(4-(dimethylamino)phenyl)piperazine
(Figure 1) show that for this systemλi ≈ 21 kcal/mol.29 The
latter value is in agreement with semiempirical AM1 quantum-

chemical calculations, which for TMPD/TMPD+ gave values
of λi of 18.7-27.7 kcal/mol.29,30 Since the DFT and HF/DFT
methods appear to give simultaneously good structures and force
constants (see below) for the neutral molecule and the radical
cation, they should also be able to provide good estimates of
λi. The reorganization energies calculated with Nelsen’s ap-
proach (eq 2) are found to be 10.0 kcal/mol with the BLYP
method and 12.2 kcal/mol using B3LYP. The contribution of
geometry relaxation in the cation is larger than that of the neutral
molecule. The values obtained here are in between the high
values from AM1 calculations and the low values estimated by
Grampp and Jaenicke. Nelsen’s value for the “TMPD dimer”
is higher because of differences in geometry due to the ring
structure and might also be biased by an underestimation of
the solvent reorganization energyλout.
It should be kept in mind that there is not necessarily a simple

relationship between the internal energy calculated here and the
free energy quantities in Marcus theory.33 The reorganization
energy depends strongly on the geometry chosen for the neutral
molecule.29-31 The energy surface is quite shallow, and low-
energy configurations are accessible which may have a much
smaller reorganization energy than the global minimum struc-
ture. Experimentally, the internal reorganization energy is
usually hard to determine. Therefore, the ability to compute
the internal energy contribution toλi may still be helpful for
the interpretation of electron transfer kinetics.34,35

3. TMPD Radical Cation: Vibrational Force Field

The radical cation of TMPD was among the first aromatic
radicals to be studied by means of resonance Raman spectros-
copy in solution.20,36-38 For the parent phenylenediamine radical
cation Chipman et al.39 used UHF calculations to interpret the
vibrational spectra, but in view of the failure of this approach
in other cases15,16more generally reliable methods are needed.
Results of experiment and computation (BLYP/6-31G* and
B3LYP/6-31G*) are compared in Table 2. Because experi-
mental data only cover the range below 1700 cm-1, the C-H
stretching region was not considered. Frequencies were scaled
linearly to minimize the root-mean-square (rms) difference
between calculated and observed values (35 bands of four
isotopomers). Optimal scaling factors were found to be 0.982
for B3LYP and 1.020 for BLYP. These scale factors are slightly
higher than the recommended values of Scott and Radom
(BLYP, 0.9945; B3LYP, 0.9614)23 and of Rauhut and Pulay
(BLYP, 0.995; B3LYP, 0.963),9 which were derived for neutral
closed-shell systems. The agreement for the scaled B3LYP
frequencies was slightly better, rms values of the difference
between experiment and theory being 14 and 16 cm-1,
respectively. The largest deviation was 32 cm-1 for B3LYP
and 41 cm-1 for BLYP.
It is clear that both calculations allow a straightforward

assignment of the resonance Raman spectrum. Further im-
provement can, of course, be achieved by scaling individual
force constants or groups of force constants, but this seems
hardly worthwhile. We shall briefly discuss the assignment of
the Raman bands on the basis of the B3LYP frequencies and
normal modes. Poizat et al. assigned the spectrum of TMPD+

and three deuteriated isotopomers using an empirical approach.
A problem with this approach is that the effect of isotopic
substitution alters the frequencies as well as the composition
of many modes. Our calculations show that some of the
assignments of Poizat et al. were not correct. For the parent
isotopomer the 17 totally symmetric normal modes in the
spectral region of interest are graphically presented in Figure
3.

TABLE 1: Bond Lengths (Å) of TMPD and TMPD +a

TMPD TMPD+

bond expb B3LYP expc UHF UBLYP UB3LYP

C1-N 1.41 (1.43) 1.405 1.355 1.334 1.372 1.357
N-Me 1.44 (1.49) 1.452 1.452 1.464 1.480 1.468
C1-C2 1.40 (1.38) 1.408 1.415 1.429 1.438 1.430
C2-C3 1.39 (1.38) 1.392 1.362 1.354 1.383 1.371

aComputed values from this work, using the 6-31G* basis set.
bReference 54 (CSD55 refcode TMPPDA), symmetry-averaged; values
in parentheses for TMPD/tetracyanobenzene complex, ref 56 (CSD
refcode TPDTCB), symmetry averaged.c TMPD perchlorate, ref 21
(CSD refcode TMPDPC).

TMPD+ TMPD+ a TMPD+ + TMPD (1)

λi ) E(n+) - E(c+) + E(c0) - E(n0) (2)
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Experimentally, for the parent isotopomer nine bands were
observed that were attributed to fundamentals. The band at 1632
cm-1 clearly corresponds to the typical 8a vibration, but the
observed fundamental at 1512 cm-1 is due to a methyl
deformation mode, rather than to N-ring stretching. This latter
mode is found at 1420 cm-1, not at 1512 cm-1. The frequency
of ν(N-ring) is not strongly affected by deuteriation of the ring,
but it increases considerably upon deuteriation of the methyl
groups. Theν(N-ring) bands at 1465 cm-1 in the d12 isotopomer
and at 1458 cm-1 in d16 have been correctly assigned by Poizat
et al.
The observed band at 1228 cm-1 is mode 9a; 1175 cm-1

corresponds to methyl rocking, as correctly inferred by Poizat.
The weak band at 932 cm-1 corresponds to ring breathing (mode
1); the one at 770 cm-1 is more like 6a. The bands observed
at low frequencies, 517 and 330 cm-1, are due to bending modes
localized mostly on the dimethylamino groups and the benzene
ring, respectively.
The results presented here show that the B3LYP method is

somewhat better in predicting the vibrational frequencies of the
TMPD radical cation than the BLYP approach. In particular,
the complex response of the theν(N-ring) mode to deuteriation
is better reproduced by the UB3LYP calculations (Table 2).

4. Piperazine Radical Cations

Radical cations of simple amines are rather unstable species,
but we have found that their optical absorption and resonance
Raman spectra can be studied conveniently when the radical
ions are generated via pulsed laser-induced oxidation, allowing
their detection as transient species which decay mainly by charge
recombination rather than undergoing decomposition reac-
tions.16,19 An interesting aspect of the radical cations of
bifunctional amines such as piperazines is the issue of charge
localization on one amino group vs charge delocalization over
the two centers. We have shown that in the case of the
symmetricN,N-dimethylpiperazine (DMP) the radical cation has
a delocalized nature.19 In asymmetric systems charge localiza-
tion should occur when the difference in the ionization potentials
of the two amino groups is large enough relative to the electronic
interaction between the amino groups. Recent experiments have
shown that the optical absorption band characteristic of the
charge-delocalized structure is also present in the spectra of the
radical cations ofN-phenylpiperazine (PhP),N-methylpipera-
zine40 (MeP), andN,N-diphenylpiperazine (DPP).22 This band

is found at 600 nm for DMP+, 550 nm for MeP+, 700 nm for
PhP+, and>900 nm for DPP+. The relative positions of the
absorption bands can be rationalized qualitatively by a simple
model, originally described for dimer cations,41 which predicts
that a red shift of the band should occur as a result of weaker
coupling between the components and a blue shift as a
consequence of asymmetry. In the phenyl systems weaker
coupling is likely to result from delocalization of the excess
positive charge and spin into the aromatic ring, decreasing the
spin density on the nitrogen atom. A noteworthy feature is the
absence of the characteristic aniline radical cation absorption
band, typically found near 470 nm, in the spectra of PhP+ and
DPP+. When a 4-methoxy group is introduced into the aniline
moiety, however, the typical localized aniline absorption is
present again, even if the neutral molecule is symmetric.22 For
the radical cation of the “TMPD dimer” 1,4-bis(4-(dimethyl-
amino)phenyl)piperazine compelling experimental evidence has
been presented for a charge-localized, symmetry-broken struc-
ture.29 Apparently, in these cases the electronic coupling is too
small to maintain a delocalized structure, which presumably has
a higher reorganization energy than the symmetry-broken
geometry.
We have previously reported that HF calculations incorrectly

predict DMP+ to be asymmetric, charge-localized, while MP2
correlation correction is large and favors the symmetric charge-
delocalized structure. The most stable geometry of DMP+

(UMP2/6-31G*) was found to be a symmetric chair conforma-
tion, in which through-bond coupling is optimized by placing
the methyl groups in a pseudoaxial orientation.19 Boat con-
formers which would optimize through-space N-N interaction
were ruled out on the basis of the computed relative energies.
Moreover, the vibrational frequencies were found to be in much
better agreement with the computed frequencies for the chair
form.
A serious problem with the HF calculations in this case is

that the wave functions are unstable with respect to breaking
of the spatial symmetry.42,43 In spite of this, rather good
vibrational frequencies (when scaled appropriately) were pre-
dicted for the totally symmetric modes.
For asymmetric systems, e.g. MeP+, different charge-localized

forms could be generated in UHF calculations by starting from
a properly chosen initial geometry. This result, which is in
conflict with experimental data, is attributed to the intrinsic
tendency of HF calculations toward charge localization. At-

TABLE 2: Frequencies (cm-1) of Totally Symmetric Vibrations of the TMPD Radical Cation in the Range below 1700 cm-1,
Observed Experimentally,20 and Calculated at the UBLYP/6-31G* and UB3LYP/6-31G* Levelsa

d0 d4 d12 d16

B3LYP BLYP exp B3LYP BLYP exp B3LYP BLYP exp B3LYP BLYP exp approx description

113 105 113 105 83 77 83 77 Me rotation
192 193 187 189 174 175 170 171 out-of-plane ring bend
306 308 330 306 308 338 279 281 300 279 281 295 in-plane ring bend
392 393 380 382 376 378 363 365 N-pyramidalization
533 538 517 530 535 520 476 481 460 474 479 457 CNC bend
722 725 645 646 720 723 644 644 4
767 768 770 746 748 750 736 738 743 720 723 725 6a
926 926 932 930 930 948 827 831 828 816 820 820 1
952 946 799 796 951 945 798 795 5
1130 1137 1130 1137 897 900 897 901 Me wag
1175 1180 1175 1176 1182 1175 1019 1026 1025 1020 1026 1025 Me rock
1235 1247 1228 879 887 888 1234 1246 1222 886 896 890 9a
1437 1421 1420 1433 1416 1430 1448 1424 1465 1444 1419 1458ν(N-ring)
1482 1496 1481 1495 1142 1147 1141 1147 1157 Me deformation
1498 1514 1512 1498 1514 1515 1080 1092 1079 1092 Me deformation
1533 1546 1533 1545 1086 1099 1087 1100 Me deformation
1655 1647 1632 1622 1613 1610 1654 1646 1632 1621 1612 1607 8a

a Scaling factor 0.982 for B3LYP, 1.02 for BLYP.
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tempts to perform UMP2 geometry optimizations on MeP+ or
on DMP+ and piperazine+ without a constraint enforcing 2-fold
symmetry led to serious convergence problems. Clearly, it
would be attractive to take dynamical electron correlation into

account from the start, rather than trying to add it afterward as
a perturbation. Thus, it is of interest to see how well DFT
methods perform for these problems.
For all piperazine radical cations studied, UBLYP and

Figure 3. Totally symmetric normal modes of vibration of TMPD+ (UB3LYP/6-31G*).
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UB3LYP geometry optimizations yielded a single optimized
geometry (Figure 4), with only one exception (see below). For
piperazine+, DMP+, and DPP+ asymmetric starting geometries
readily converged to the symmetric structure.
Geometric parameters of DMP+ obtained with the different

methods are very similar, as shown in Table 3.
When the DMP+ geometry is optimized starting from the

structure of the neutral molecule, in which the methyl groups
occupy the usual equatorial positions, a spontaneous nitrogen
inversion occurs which puts both N substituents in a pseudoaxial
orientation. This phenomenon and the rather long C2-C3 and
C5-C6 bonds are typical manifestations of through-bond 1-4
interaction.44-46

We have previously published the vibrational frequencies of
totally symmetric modes of DMP+ observed experimentally and
calculated using UHF theory.19 For eight observed fundamen-
tals the optimal UHF scaling factor was 0.909, the rms deviation
of observed and computed frequencies was 21 cm-1, and the
largest deviation was 38 cm-1. The UBLYP/6-31G* frequen-
cies required scaling by 1.016 and gave essentially the same
rms (22 cm-1) and largest deviation (37 cm-1). UB3LYP was
somewhat better, with a scale factor of 0.982, rms deviation of
19 cm-1, and largest deviation of 35 cm-1. It is remarkable
that the optimal scale factors derived for UBLYP and UB3LYP
for this particular case are the same as for the chemically rather
different TMPD+.

For MeP+ as well as for PhP+ structures were found with
the same characteristic structural features as noted for DMP+.
With the B3LYP method MeP+ showed only one energy
minimum, but for PhP+ we could locate structures with the
N-H group axially or equatorially positioned, the former being
2.13 kcal/mol lower in energy. Charge-localized structures did
not correspond with stable energy minima according to the DFT
calculations. Geometric parameters obtained for asymmetric
piperazines and their radical cations are given in Table 4. Data
on DMP and DPP and onN-phenylpiperidine40 are included
for comparison.
Experimental data on the molecular structures of these radical

cations are not available. A very strong indication that they
are all charge-delocalized follows from the optical absorption
spectra, as mentioned above. Clearly, the geometric parameters
correlate with the extent of charge (spin) delocalization onto
the aromatic rings in the phenyl derivatives (see below, Table
5). For PhP+ the BLYP method predicts strong delocalization,
resulting in a longer CC bond, a longer CN bond between the
phenyl and piperazine rings, and a partial flattening of both
amino groups. The B3LYP method on the other hand appar-
ently tends to localize the “hole” more on the phenyl ring,
especially in the N-H equatorial conformation in which the
lone pair on N-4 is not in the optimal orientation for interaction.
In the asymmetric systems it is of interest to have a measure

of the electronic asymmetry which can be compared with

Figure 4. UB3LYP/6-31G* optimized molecular structures of MeP+ (Cs), DMP+ (C2h), PhP+(C1), and DPP+ (Ci).

TABLE 3: Selected Geometric Parameters of Optimized Structures of DMP and DMP+ (6-31G* Basis Set)a

DMP DMP+

feature HF BLYP B3LYP HF BLYP B3LYP

rCC (Å) 1.5207 1.5395 1.5274 1.6182 1.6174 1.6075
aC2-N-C6 (deg) 110.78 110.09 110.29 114.43 113.80 113.96
aC2-N-Me (deg) 112.30 111.94 112.00 118.87 118.85 118.77

a rCC is the C2-C3 (C5-C6) bond length.

TABLE 4: Characteristic Features of the Optimized Geometries of MeP and PhP (NH-ax as Well as NH-eq) and Their
Radical Cationsa

neutral cation

compd method rCC ∑N1 ∑N2 rCC ∑N1 ∑N2 r(C1-N)

MeP BLYP 1.540 334.2 329.2 1.624 352.7 348.5
B3LYP 1.528 334.6 330.5 1.612 352.9 348.8

DMP BLYP 1.540 334.0 334.0 1.617 351.5 351.1
B3LYP 1.528 334.3 334.3 1.608 351.5 351.1

N-phenylpiperidine B3LYP 1.533 346.7 1.543 359.8 1.365
PhP N-H ax BLYP 1.595 358.1 354.1 1.405

B3LYP 1.579 357.9 343.2 1.388
PhP N-H eq B3LYP 1.529 346.7 330.4 1.549 359.4 341.4 1.371
DPP BLYP 1.584 356.7 356.7 1.414

B3LYP 1.575 356.0 356.0 1.404

a rCC is the length of the C2-C3 and C5-C6 bonds (averaged in asymmetric molecules).∑N is the sum of the bond angles around the nitrogen
atoms. r(C1-N) (Å) refers to the C-N bond length of the arylamine part.

3630 J. Phys. Chem. A, Vol. 101, No. 19, 1997 Brouwer



experimental data. One possibility is to look at the spin densities
on the nitrogen atoms, which should be related to hyperfine
splittings in EPR spectra. The computed results are given in
Table 5. In particular, for PhP+ there is a distinct difference
between the spin densities calculated with the BLYP and B3LYP
methods: the former tends to delocalize the charge and spin
more than the latter. Unfortunately, experimental data are not
available.
In relation to our experimental work in progress the vibra-

tional frequencies of the radical cations are of interest. Some
of them may serve as a measure of the electron deficiency of
the aromatic ring. For example, the frequency of the charac-
teristic 8a vibration was shown experimentally to shift by-37
cm-1 upon ionization ofN,N-dimethylaniline.47 In Table 6 the
computed frequencies for the 8a vibration in the two conformers
of PhP+ are compared with those in N-phenylpiperidine and
DPP.
It can be seen that the 8a vibration has the same frequency

in the neutral molecules, as expected. In PhP+ with the N-H
equatorial the charge delocalization is computed to be small,
and the 8a vibration is predicted to be almost at the same
frequency as inN-phenylpiperidine+. When the N-H is axial,
however, the hole is more delocalized, and a small but probably
measurable increase in the 8a frequency is calculated. When
the hole is shared by the two aniline moieties in DPP+, the
frequency is calculated to be in between that of the neutrals
andN-phenylpiperidine+. Due to technical limitations, we have
not yet been able to obtain the resonance Raman spectra of PhP+

and DPP+, but we hope to do this in the near future.

5. Ionization Energies

The B3LYP combination of functionals was developed for
thermochemical purposes.6 If it performs equally well for
neutral molecules and radical cations, it should allow a good
prediction of ionization energies. In Table 7 we list some
energetic quantities that can be evaluated simply from energies
obtained for neutral and radical cation at the two equilibrium
geometries. The vertical ionization potential (IPv) is E(n+) -
E(n0); the adiabatic (relaxed) IPa is E(c+) - E(n0). For
comparison of oxidation potentials, which are typically measured
in a polar solvent such as acetonitrile (ε ) 37), we computed
the solvation energies of the neutral molecule and the radical
cations (using isolated molecule geometries) and subtracted the
difference from IPa to give IPs. We used the isodensity polarized
continuum method (IPCM),48 or its self-consistent variation
(SCIPCM), which appears to be among the most promising
approaches within the dielectric continuum approxiation. Noth-
ing is known about the accuracy or reliability of these methods
when applied to radical cations, so it is of interest to see what
the results are.
It is clear that the ionization potentials of all three amines

are underestimated by both DFT calculations, the disagreement
for BLYP being greater than for B3LYP. The calculations
incorrectly predict that DMP would have a lower IPv than
N-methylpiperidine. The computed relaxation energy (IPv -
IPa) of TMPD+ is somewhat smaller than the experimental
value. The relaxation energy forN-methylpiperidine, on the
other hand, is overestimated, although the B3LYP value of 0.73
eV is not too far from the experimental 0.57 eV. When
comparing results from computation and experiment, both
should be approached critically, but serious errors in the
experimental IPv values seem highly unlikely.
The “traditional” Koopmans IP’s, the negative energies of

the highest occupied MOs, are 9.37 eV forN-methylpiperidine
and 9.38 eV for DMP. Both are too high, but the small
difference is in better agreement with experiment than the DFT
results.
Unfortunately, we cannot compare the solvation energies of

all three compounds with the same method because the IPCM
calculation failed to converge for TMPD+ and SCIPCM failed
for N-methylpiperidine+. TMPD+ is a more extended radical
cation, and its SCIPCM solvation energy is smaller than that
of DMP+: 44.1 vs 50.3 kcal/mol. Translating the solvation
energies into ion radii using the Born equation, we findr ion )
3.66 Å for TMPD+ and r ion ) 3.21 Å for DMP+. These ion
radii are reasonable, although somewhat smaller than the values
typically used in estimating solvation energies of radical ions
in the electron transfer field. The IPCM solvation energy
calculated for the delocalized DMP+ (48.1 kcal/mol) is smaller
than that ofN-methylpiperidine+ (50.2 kcal/mol), but the
difference is not very large. The computational prediction is

TABLE 5: Computed Spin Densities on the N Atoms in
Radical Cations

compd method F(N1) F(N4)

MeP BLYP 0.42 0.31
B3LYP 0.46 0.30

DMP BLYP 0.37 0.37
B3LYP 0.38 0.38

N-phenylpiperidine BLYP 0.44
B3LYP 0.48

PhP N-H ax BLYP 0.34 0.21
B3LYP 0.41 0.16

PhP N-H eq B3LYP 0.45 0.05
DPP BLYP 0.24 0.24

B3LYP 0.27 0.27

TABLE 6: B3LYP/6-31G* Calculated Vibrational
Frequencies (cm-1) (Scaled× 0.982) of the 8a Vibration in
Aromatic Amines and Their Radical Cations

compd neutral radical cation

N-phenylpiperidine 1634 1593
PhP N-H ax 1634 1598
PhP N-H eq 1634 1594
DPP a 1610 (ag) 1605 (bu)

aNot calculated.

TABLE 7: Predicted Observables Related to Energy Differences (eV) at Different Geometries of Neutral Molecules and
Corresponding Radical Cationsa

TMPD DMP N-methylpiperidine

BLYP B3LYP exp BLYP B3LYP exp BLYP B3LYP exp

IPv 5.62 5.99 6.75b 7.17 7.70 8.77c8.41d 7.70 7.97 8.37e

IPa 5.34 5.65 6.20b 6.35 6.77 6.95 7.24 7.80e

IPs/Eox 3.87f 0.16 4.66f4.79g 0.89 5.15g 0.80
λi 0.43 0.53 1.45 1.60 1.23 1.22

a IPv is the vertical ionization potential calculated as the energy difference between the radical cation and the neutral molecule; IPa is the adiabatic
IP. IPs denotes IPa minus the computed solvation energy difference (SCIPCM or IPCM) of radical cation and neutral molecule;λi is the internal
reorganization energy for the self-exchange process (eq 2).Eox is the experimental one-electron oxidation potential (in acetonitrile, vs SCE) in the
case of TMPD, the anodic peak potential for the other two compounds (in methanol/water, vs SCE).bReference 57.cReference 58.dReference
59. eReference 60.f SCIPCM. gIPCM.
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that DMP should have a higher oxidation potential by 0.79 V
than TMPD, andN-methylpiperidine should be higher by
another 0.36 V. Electrochemical oxidation in polar solution is
irreversible for the latter two compounds,49 so that true oxidation
potentials are not known. The anodic peak potentials (0.80 and
0.89 V vs SCE forN-methylpiperidine and DMP, respectively)
can be taken as lower limits.
Several studies have been described in which piperazine units

were incorporated in intramolecular electron donor-acceptor
assemblies. The charge-separated excited states in such mol-
ecules typically show a distinctly red-shifted emission compared
with analogous systems containing monoamines (piperidines).50-52

This is consistent with a lower oxidation potential and with a
larger reorganization energy. Aliphatic and aromatic amines
form fluorescent exciplexes with aromatic chromophores such
as anthracene and pyrene. Piperazines also quench the fluo-
rescence of such electron acceptors, but emissive exciplexes
have not been observed.53 It is likely that the large reorganiza-
tion energy is responsible for a relatively rapid nonradiative
decay in this case.52

6. Concluding Remarks

From a practical point of view, HF calculations can be used
to calculate vibrational force fields for neutral ground-state
molecules with moderate but often sufficient accuracy. DFT
methods are more accurate, but more time-consuming, depend-
ing on the software used. For radical cations, on the other hand,
HF methods are insufficient. For theσ-coupled delocalized
radical cations exemplified by the piperazine derivatives, the
tendency of HF to localize charge leads to completely incorrect
results, which cannot be easily remedied by post-HF correlation
correction. In spite of these problems, UHF leads to reasonable
results for the structure and force field for totally symmetric
vibrations when symmetry is present and can be imposed. Of
the DFT methods studied here, B3LYP performs somewhat
better than BLYP, but it is also slightly more expensive to use.
Preliminary uniform frequency scale factors were derived for

the UBLYP/6-31G* and UB3LYP/6-31G* methods applied to
radical cations of the two different types studied here. The
values are 1.020 and 0.982, respectively. A number of radical
cations are currently being studied experimentally, which will
allow us to obtain statistically better scale factors in the near
future.
There are two important practical factors that determine the

choice of a computational approach, viz., availability of a
software implementation and experience with the method
documented in the literature. Our choice of B(3)LYP and a
standard Gaussian basis set has been determined by these factors.
The encouraging results obtained may further contribute to the
popularity of this particular method. Nevertheless, it should
be realized that other choices of DFT and of basis set could
have led to better results.
One aspect for which the calculations discussed here are not

entirely satisfactory are the ionization energies. These are
underestimated, by BLYP more than by B3LYP, but also the
relative values do not agree with experiment.
The BLYP method tends to predict stronger charge delocal-

ization than B3LYP in through-bond coupled piperazine radical
cations. The asymmetric piperazine radical cations may provide
a very sensitive test for this feature. For example, the optical
absorption spectrum of PhP+ is indicative of a fully delocalized
radical cation, but the results of the B3LYP calculations do not
completely agree with this. Further experiments are clearly
needed to confirm the delocalized nature of PhP+.
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