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ABSTRACT: Vibrational dynamics in triarylamine dendrimers was studied in a
complementary way by Raman and infrared (IR) spectroscopies and incoherent
inelastic neutron scattering (IINS). Three molecules were investigated, namely,
unsubstituted triarylamine dendrimer of the first generation and two dendrimers of
the first and second generation, substituted in the crown with butyl groups. To
facilitate the assignment of the observed IR and Raman modes as well as the IINS
peaks, vibrational models, based on the general valence force field method (GVEE),
were calculated for all three compounds studied. A perfect consistency between the
calculated and experimental results was found. Moreover, an important
complementarity of the vibrational spectroscopies and IINS was established for
the investigated dendrimers. The IINS peaks originating mainly from the C—H
motions were not restricted by particular selection rules and only dependent on the
IINS cross section. To the contrary, Raman and IR bands were imposed by the
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selection rules and the local geometry of the dendrimers yielding mainly C—C and C—N deformation modes with those of C—H
nature of much lower intensity. Raman spectroscopy was also applied to the studies of the oxidation of dendrimers to their
cationic forms. A strong Raman resonance effect was observed, since the spectra of the studied compounds, registered at different
levels of their oxidation, strongly depended on the position of the excitation line with respect to their electronic spectrum. In
particular, the blue (458 nm) excitation line turned out to be insensitive toward the cationic forms yielding very limited spectral
information. To the contrary, the use of the red (647 nm) and infrared (1064 nm) excitation lines allowed for an unambiguous
monitoring of the spectral changes in dendrimers oxidized to nominally monocationic and tricationic states. The analysis of
oxidation-induced spectral changes in the tricationic state indicated that the charge storage configuration predominantly involved
one spinless dication of the quinoid bond sequence and one radical cation. However, small numbers of dications were also found
in a nominally monocationic state, where only radical cations should have been present. This finding was indicative of some

inhomogeneity of the oxidation.

B INTRODUCTION

The triarylamine moiety is a widely used building block for a
variety of functional materials used in organic and hybrid

22
7 and

(organic/ inorganic) electronics,l_6 optoelectronics,
electrochemical devices.**~*” Linear and branched triarylamine
homooligomers as well as their polymeric analogues are
frequently used as active materials in p-channel organic field
effect transistors (OFETs), since they combine reasonably high
hole mobilities with amorphous structure, the latter facilitating
the formation of structurally homogeneous films by solution
processing.> Cyclic triarylamines, in turn, readily crystallize to
yield anisotropic layers of columnar-type supramolecular
organization.”® Besides their use as active layers in OFETs,
both low and high molecular weight triarylamine derivatives

serve as hole injection and hole transporting layers in organic
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light emitting diodes (OLEDs),"*™*" including the first
reported multilayer OLED.*

Dendridic oligoarylamines constitute a special class of this
family of organic conductors. They have been studied for nearly
25 years’™* due to the peculiar topology of their macro-
molecules and the capability of forming spin-delocalized, stable
multicationic states.* >

Molecular dynamics of neutral and polycationic triarylamine
dendrons deposited as thin films is of fundamental interest,
since it is closely related to their redox, magnetic, and electrical
transport properties. Raman spectroscopy and incoherent
inelastic neutron scattering (IINS) are convenient and
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Scheme 1. Structural Formulae of the First and Second Generation Triarylamine Dendrimers Studied
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complementary tools for studying vibrational properties of such
molecules. Raman spectroscopy gives a high energy resolution
and is very sensitive to electronic and optical properties of
molecules under study. IINS by contrast has a lower energy
resolution, but it is not sensitive to the presence of electrons
and gives access to all vibrational modes of the system without
any selection rule.*® Raman studies of thin layers of triarylamine
dendrimers, reported to date, are scarce and limited to the
studies of the effect of annealing of thin arylamine films on their
spectra obtained with one excitation line.**™*' To the best of
our knowledge, incoherent inelastic neutron scattering
investigations have never been reported for this class of organic
semiconductors. In this paper, we present a theoretically
calculated vibrational model for first and second generation
triarylamine dendrons and confront it with experimental data
derived from Raman and neutron scattering studies.

B RESULTS AND DISCUSSION

Neutral Dendrimers. The studied dendridic triarylamines
are depicted in Scheme 1.

1 has already been reported,® and 2 and 3 were also
described, however, with different alkyl or alkoxy substitu-
ents.>**”* For this reason, the applied synthetic pathways will
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not be discussed here. Readers interested in the details of the
synthesis are referred to ref 42.

Raman spectra of low and high molecular weight aromatic
amines, both in their neutral and oxidized (cationic) states, are
very sensitive toward the energy of the excitation line which is
caused by resonance effects, frequently interfering in the

3,44

measurements.”* Therefore, registration of the spectra
obtained with excitation lines of different energy, A, is highly
desirable. In Figures 1 and 2, Raman spectra of 1 and 2,
registered for A of decreasing energy, are compared.

In the UV—vis spectra of neutral 1 and 2, no band giving rise
to a significant value of absorbance above 400 nm can be
distinguished (vide infra). This means that the resonance effect
is expected for none of the applied excitation line. Although the
positions of the observed Raman bands do not vary with the
energy of the excitation line, the quality of the spectrum,
determined by the signal-to-noise ratio, is strongly dependent
on Ay It increases with decreasing energy of the excitation
line, being the best for A, = 647 nm (red line). For the IR

excitation line (4., = 1064 nm), the spectrum quality worsens

exc
again. Only a low resolution spectrum of the neutral form has

been registered for 3 (Figure 3); see also Table 1.
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Figure 1. Raman spectra of neutral arylamine dendrimer 1 registered
using different excitation lines: (a) blue line 458 nm; (b) green line
514 nm; (c) red line 647 nm; d) Fourier transform Raman spectrum,
infrared line 1064 nm.
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Figure 3. Raman spectra of neutral arylamine dendrimers registered
using different excitation lines: (a) dendrimer 1 (647 nm); (b)
dendrimer 2 (647 nm); (c) dendrimer 3 (1064 nm, Fourier transform
Raman spectrum).
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Figure 2. Raman spectra of neutral arylamine dendrimer 2 registered
using different excitation lines: (a) blue line 458 nm; (b) green line
514 nm; (c) red line 647 nm; (d) Fourier transform Raman spectrum,
infrared line 1064 nm.

We will focus here on a comparative discussion of the spectra
of 1 and 2 registered with A, = 647 nm. There are some
common Raman lines in both spectra. In particular, two
strongly overlapping, sharp peaks at 1595 and 1610 cm™' can
unambiguously be assigned to the C—C stretching deforma-
tions in the benzenoid type of ring, consistent with the reduced
neutral state of 1 and 2 in which all aromatic rings are quasi-
equivalent and benzenoid in nature. A clear band at 1289 cm™,
which is usually attributed to the C—N stretching in aromatic
amines, ***>*® is also characteristic of the neutral state of 1 and
2. A weak band at ca. 1175 cm™" together with a strong band at
ca. 1162 cm™ are characteristic of the C—H in-plane bending
deformations in the aromatic ring. Finally, a weak intensity peak
at ca. 820—825 cm™" should be attributed to the deformations
of the amine group; i.e., its presence corroborates the neutral

state of both molecules. In the spectrum of 1, three additional
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lines can be found which are absent in the spectrum of 2, at
1027, 1000, and 745 cm™'. They are characteristic of C—H
deformations in monosubstituted benzene rings,%’47 and their
presence confirms the coexistence of monosubstituted and
para-substituted rings in 1. In the spectrum of 2, a very weak
band can be noticed at 1448 cm™}, ie, in the spectral range
characteristic of CH,/CH; deformations of the aliphatic
groups. In aromatic amines or conjugated molecules (macro-
molecules), the aliphatic bands are very weak, especially under
resonance conditions. Therefore, we tend to ascribe this band
to the CH,/CH; in the butyl substituent. There are two
additional findings which further support this attribution: (i)
this band is absent in the spectrum of 1 (unsubstituted
analogue of 2); (ii) it remains unchanged upon oxidation of the
molecule being clearly detectable in the spectra of the oxidized
forms of 2 (vide infra).

Close inspection of the spectra of 1 and 2 reveals the
presence of additional bands of low intensity which cannot be
assigned to the vibrations of neutral arylamine molecules, in
their reduced state. A weak band in the vicinity of 1480—1500
cm™' can tentatively be ascribed to C=N stretching.** This
attribution is reasonable, since both 1 and 2 are very sensitive
to oxidation; thus, minute amounts of these compounds could
be partially oxidized upon their dissolution and film casting. A
weak peak at 1333 cm™' should in turn be ascribed to the
presence of very small amounts of radical cations characteristic
of the first oxidation step of 1 and 2.** One should not attempt
to perform any type of quantitative estimation of the fraction of
the oxidized forms of 1 and 2 in the studied samples, since
bands originating from the vibrations of the oxidized parts of
the molecule are resonantly enhanced when 1, = 647 nm (red
line) is used. This resonance enhancement is even more
pronounced in the spectrum of 1 obtained with the IR
excitation line (4., = 1064 nm) where the intensity of lines
assigned to the oxidized form relatively increases (see Figure
1d). This problem will be discussed in detail in a subsequent
part of the paper.

To confront the obtained experimental spectra of the studied
dendrimers with theoretical predictions, we have elaborated
their vibrational models. The applied calculation methodology

dx.doi.org/10.1021/jp502735s | J. Phys. Chem. B 2014, 118, 5278-5288
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Table 1. Calculated and Experimentally Measured Frequencies (in cm™") of the Main Vibrational Modes of 1, 2, and 3 in Their

Neutral Form

dendrimer 1 dendrimer 2 dendrimer 3
benzene exptl bands exptl bands exptl bands
Wilson notation™* IINS Raman FTIR calcd modes IINS Raman FTIR Raman assignments *7%°
1596 (8a) 1600 1610 1616 1616 1616 ring stretch
1596 (8b) 1595 1587 1624 1605 1607 ring stretch
1486 (19a) 1487 1493 1488 1489 1510 1496 1499 ring stretch + deformation
butyl gr. 1455 1439 1465 methyl and methylene H-C—H def.
doping 1333 1333 1344 radical cation (residual)
butyl gr. 1300 1310 in-plane methylene twisting—rocking
1326 (3) 1300 1310 1310 1310 1305 ring stretch
1287 1280 1286 1263 1280 C—N stretch + ring stretch
1178 (9a) 1165 1163 1166 1178 1165 1178 1165 ring C—H deformation
1038 (18b) 1102 1108 1105 1113 aromatic C—H bend
1038 (18a) 1022 1028 1020 1010 101S 101S C—H deformation
1010 (12) 1000 996 ring deformation
975 (17a) 968 966- 942 C—H deformation (out of plane)
849 (10a) 832 835 820 829 822 811 821 C—H deformation (out of plane)
673 (11) 752 747 750 747 733 751 C—H deformation (out of plane)
703 (4) 700 691 693 ring deformation (out of plane)
606 (6b) 617 644 648 625 643 ring deformation
410 (16a) 411 423 415 418 ring deformation (out of plane)
968 1165
(120 mev) (144 meV) 942 1178
(117 meV) (146 meV)
1455
892 l 822 1300 3 me
(103 mev) === (180 meV)
(102 meV)
l 1300 1487
/;: 753 (161 ”I‘EV) (184 meV) ,(_‘;
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Figure 4. Vibrational spectra of dendrimer 1 (left) and dendrimer 2 (right): (a and d) Raman scattering (red excitation); (b and e) IR absorption; (c

and f) inelastic incoherent neutron scattering.

has previously been tested with success in elaborating
vibrational models of electroactive molecules and macro-
* including aromatic amines.’® Its detailed
description can be found in ref SI; here, we only briefly
outline it. The force field and frequencies are determined using
the Fourier dynamic matrix. The calculations require the
knowledge of bond lengths, bond angles, and force constants.
To obtain the former, it is necessary to optimize the molecule
geometry, which is usually done by applying semiempirical or
ab initio quantum chemistry methods depending on the
complexity of the studied molecules. In our case, it is carried
out with the Hyperchem 7S software (semiempirical method:
PM3). An internal coordinate system is used to compute the
fundamental vibrations of the studied molecules. Local
redundancies can be handled by suitable symmetry coordinates.
The calculations start from a minimal set of force constants,

46
molecules,™
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expressed in terms of internal coordinates. It is necessary to
assume that certain force constants must be fairly local, i.e., only
dependent on the nearest chemical environment. For this
reason, they can be transferred from model compounds of
simpler topology. Using this procedure, the number of force
constants used in the calculations can be minimized, which
leads to a significant reduction of the number of independent
parameters. These parameters are finally adjusted from the
experimental and calculated frequencies with a least-squares
method. The calculated bond lengths and angles between
bonds, derived from the optimized geometry, as well as the
obtained main force constants (FG matrix) and modeling
Cartesian displacements of the main experimental modes are
listed in the Supporting Information (Chart S1). The measured
and calculated modes, together with their assignment, are listed
in Table 1.

dx.doi.org/10.1021/jp502735s | J. Phys. Chem. B 2014, 118, 5278-5288
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On the basis of our semiempirical modeling, the three
studied dendrimers have at least a C; symmetry. The phenyl
rings are assumed to be flat and identical to each other, with
fixed C—C (1.409 A) and C—H (1.078 A) distances and
£CCC angles and ZCCH angles of exactly 120°. The values for
the bond lengths are the averaged values as obtained from our
modeling, and from spectroscopic and X-ray crystallo§raphic
studies of TPA (triphenylamine) in the solid state.>>® Then
there are only three other parameters left that are allowed to
vary, i.e., the C—N distance (taken as 1.421 A), the ¢ angle by
which the phenyl groups are rotated around the C—N bonds,
and the ZCNC angle. The angles are defined in such a manner
that a fully planar geometry of TPA means ¢ = 0 and ZCNC =
120°. If ZCNC is exactly120°, an additional C, symmetry axis
exists, passing through each of the three phenyl rings, yielding a
D; symmetry for the molecule. Our modeling gives a ¢ angle
somewhere between 40 and 60° and a ZCNC angle between
119 and 120°, the values similar to those previously obtained
for triaryl amine derivatives.’>>® This ¢ angle likely changes
during the oxidation process. Since we cannot exclude the
impact of this torsion on the position and the intensity of some
vibrational modes, we assume that this evolution only concerns
modes with very low frequencies (<600 cm™'). Above this
frequency, modes are mainly due to valence bond stretchings or
bendings and the contribution of the torsion or twist is
negligible. In addition, it should be stressed here that all
nitrogen atoms in the dendrimer structures are located in the
same plane. More details can be found in the Supporting
Information.

These considerations concerning the symmetries of the
dendrimers are very important in regard to the selection rules
and the relative intensities of IINS, IR, and Raman bands. In
Figure 4, where the vibrational data of 1 and 2 are presented on
the same graph, the complementarity of these spectroscopies
can easily be noticed. For instance, the Raman and IR spectra
present mainly two lines in the 1400—1700 cm™' range,
assigned to C—C stretching deformations and pointed in 1 at
1610 and 1493 cm™'. These peaks can be ascribed without
ambiguities to 8a and 19a modes in Wilson notation. These
modes are weakly active in the IINS spectra, due to the low
contribution of the CH motions. On the contrary, the in-plane
and out-of-plane CH-bending modes, well-known as modes 9a
and 10a in Wilson notation, can be observed with a high
intensity in the IINS spectra at 1165 and 832 cm™" (144 and
103 meV). The intense peaks pointed at 968 and 942 cm™ in
the IINS of 1 and 2, respectively, fully absent in Raman and IR
spectra, deserve some discussion. As already written above, in
contrast to the Raman and IR spectroscopies, IINS gives access
to all vibrational modes without any selection rules. Therefore,
we have assigned this peak to the out-of-plane CH mode arising
from mode 17a (Wilson notation). Indeed, this mode is almost
never observed by Raman or IR spectoscopies, especially in the
case of para-substituted aromatic compounds. In our study, the
inactivity of this mode may be surprising if one takes into
account the symmetry of the dendrimers, and their point group
as either C; or Ds. Indeed, the nonexclusion of Raman and IR
active modes due to the lack of inversion point, for instance,
should lead to a larger number of bands in both spectra.
However, it can be assumed that the local environment of the
para-substituted benzene ring retains a pseudosymmetry D,
Thus, it can be postulated that, in the studied dendrimers, the
E2u mode (17a) in the benzene ring becomes locally Au, again
Raman and IR inactive. Another point, which merits attention,

5282

concerns the difference between the IINS data of 1 and 2.
Logically, these differences are due to the modes originating
from the butyl substituent on the crown. Thus, the new intense
bands which appear on IINS spectra of 2 at 1300 and 1444
cm™! are assigned, respectively, to the overlapping of the CH,
antisymmetric deformation (methyl out-of-plane HCH defor-
mation) and the CH, scissors, and the in-plane methylene
twisting-rocking mode.

All other assignments can be found in Table 1, with the
associated number in Wilson notation.

Oxidized Dendrimers. The studied dendrimers are
electron-rich molecules characterized by a high lying HOMO
level (with respect to the vacuum level) and a low value of the
jonization potential (IP). As a consequence, they are readily
oxidized, forming stable radical cations and consecutively
higher cationic states.***™>® This is clearly manifested in
their cyclic voltammograms.****~% Dendrons of the first
generation with alkoxy substituents give rise to three reversible
redox couples in the potential range from ca. —0.2 to +0.6 V vs
Fc/Fc*, associated with three consecutive one-electron
oxidations from a neutral molecule to a three cation.>**® We
observe qualitatively the same behavior for 2 in cyclic
voltammetry and differential scanning voltammetry, however,
with the potential of each redox couple systematically shifted to
slightly higher values by 0.15—0.20 V. This difference between
2 and its methoxy-substituted analogue is obviously related to
higher electron donating properties of the alkoxy substituents
as compared to the alkyl ones.

As evidenced by cyclic voltammetry, neutral dendrons of the
second generation can be oxidized to hexacations through three
consecutive one-electron oxidations, followed by a three-
electron oxidation. For the methoxy-substituted counterpart
of 3, these four oxidations occur in the potential range from ca.
—0.30 V to ca. 4020 V vs Fc/Fc*.>** The voltammetric
behavior of 3 is qualitatively very similar; again, the
corresponding peaks are shifted to higher potentials by 0.15—
0.20 V, as expected.

UV—vis spectra of neutral dendrimers are characterized by
two strongly overlapping peaks in the vicinity of 310 and 340
nm. In Figure §, the spectrum of 2 is shown as a representative
example.

It has been previously demonstrated by the correlation of
cyclic voltammetry, UV—vis/NIR spectroelectrochemistry, and
EPR data that the oxidation of a given dendrimer to a radical
cation results in a sharp decrease of the band at ca. 350 nm and
a smaller decrease of the 310 nm band; however, this band
overlaps with that originating from the reduced form of the
oxidant. Concomitantly, two new bands appear: a narrow one
at ca. 440 nm in the case of 2 and a broad one with a clear
maximum in the near-infrared part of the spectrum (at 1158
nm for 2). Oxidation to higher cationic states induces a
hypsochromic shift of the lower energetic (infrared) peak to
1130 nm with a simultaneous decrease in the intensity of the
higher energetic band (440 nm in the case of 2).** These
changes are clearly reproduced in the spectra presented in
Figure 5. For 2 oxidized with 1 equiv of the oxidant, the
spectrum is characteristic of the radical cation state, and for the
dendrimer oxidized with 3 equiv of the oxidant, it corresponds
to the tricationic state. Note also that there is very little
difference between the spectra of the dendrimer oxidized with 3
and 4 equiv of the oxidant, indicating the stability of the
tricationic state.

dx.doi.org/10.1021/jp502735s | J. Phys. Chem. B 2014, 118, 5278-5288
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Figure S. UV—vis spectra of thin films of 2 in its neutral state and

oxidized with 1, 2, 3, and 4 equiv of tris(4-bromophenyl)ammonium
hexachloroantimonate [(BrC¢H,);NSbCl].

These profound changes in the UV—vis/NIR spectra of the
studied dendrimers have an important impact on the registered
Raman spectra, since the resonance conditions are completely
different for neutral molecules and for the oxidized (cationic)
ones. In order to verify this effect, we have registered Raman
spectra of thin films of 1 and 2 oxidized with either 1 or 3 equiv
of the oxidant, yielding the lowest and highest cationic states,
respectively. For 3, we used 1 and 6 equiv of the oxidant. In the
subsequent text, the corresponding samples will be termed
“partially” and “fully” oxidized.

The effect of the excitation line energy on the resulting
Raman spectra is demonstrated in Figure 6, where the case of
tully oxidized 2 is used as an instructive example. For partially
oxidized 2 and partially and fully oxidized 1, the observed
changes are very similar and the corresponding spectra can be
found in the Supporting Information (Figures S1—S4).

Intensity (a.u.)

T T T T T T T T 7
800 1000 1200 1400 1600

Wavenumbers (cm™)

—
600

Figure 6. Raman spectra of 2 oxidized with 3 equiv of the oxidant
(“fully oxidized”) registered using different excitation lines: (a) blue
line 458 nm; (b) green line 514 nm; (c) red line 647 nm; (d) Fourier
transform Raman spectrum, infrared line 1064 nm.
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In principle, one could expect a resonance enhancement of
the spectral lines for A, = 458 nm, since it matches in energy
the oxidation-induced small absorption band at 440 nm.
However, this absorption band does not yield any resonance,
since using the blue excitation yields spectra of poor quality
with two dominant lines characteristic of neutral amines (at
1611 and 1170 cm™"). This means that vibrations from these
parts of the dendrimer which do not bear positive charge are
preferentially detected. Peaks originating from the charged
(cationic) parts are present as broad, poorly resolved features in
the spectral range between 1200 and 1600 cm™". Thus, the blue
excitation line is of little use for investigating either neutral or
oxidized (charged) forms of the discussed dendrimers.

With increasing wavelength of the excitation line from blue
(Aexe = 458 nm) to green (Ao = 514 nm) to red (A, = 647
nm) to infrared (1. = 1064 nm), the quality of the spectrum
increases and the bands originating from the oxidized (charged)
parts of 2 grow in intensity. For the infrared excitation line,
they dominate the spectrum. This indicates that the lower
energetic, oxidation-induced NIR band contributes to the
resonance effect, since its maximum at 1110 nm closely
matches the energy of the excitation line (1064 nm).

In Figure 7, Raman spectra of neutral, partially oxidized, and
fully oxidized 2 are compared. The corresponding spectra of 1
can be found in the Supporting Information (Figures S2—S4).

AL A NN R L R L I R R B
800 1000 1200 1400 1600

Wavenumbers (cm™)

—
600

Figure 7. Raman spectra of (a) neutral 2 and 2 oxidized with (b) 1
and (c) 3 equiv of the oxidant (“partially oxidized” and “fully oxidized”,
respectively). Ay = 647 nm.

Before analyzing the spectra, it is instructive to discuss
possible charge and spin configurations in the oxidized
(charged) dendrimers. The use of 1 equiv of the oxidant
imposes the presence of one radical cation per molecule of
“partially” oxidized 2, provided that the oxidation process
occurs in a perfectly homogeneous way. Thus, semiquinone
radical cation structure is expected in this case (Scheme 2). In
“fully” oxidized 2, three charges are introduced per molecule for
a perfectly homogeneous oxidation. These three charges can be
present as three radical cations of semiquinone structure or as
one radical cation and one spinless dication, whose presence
imposes the formation of a quinone-type ring (Scheme 2).

dx.doi.org/10.1021/jp502735s | J. Phys. Chem. B 2014, 118, 5278-5288
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Scheme 2. Chemical Structures of Triarylamine Dendrimer Oxidized to Radical Cation, Tri(radical cation), and Dication +
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Table 2. Raman Frequencies (in cm™') of the Main Vibrational Modes of 1, 2, and 3 in Their Neutral and Highest Oxidation

State
dendrimer 1 dendrimer 2 dendrimer 3
exptl bands exptl bands exptl bands
neutral Ox neutral Ox neutral Ox assignments
1610 1611 1616 1615 1616 1611 aromatic ring C—C stretch
1584 1596 1582 semiquinonoid C=C stretch
1569 1573 quinonoid ring, C=C stretch (dication)
1487 1495 1499 1493 C=N°" stretch (spinless dication)
1455 1427 1427
1357 1355 1348 C=N°" stretch (radical cation)
1333 1331 1333 1332 1344 1332 C=N°" stretch (radical cation)
1310 1299 1302 1303 C—N stretch (dication)
1287 1278 1286 1283 1280 1279 C—N stretch
1173 1175 1176 C—H deformation (semiquinonoid ring)
1163 sh 1165 sh 1165 sh C—H deformation (neutral and quinonoid ring)
801 804 801 quinonoid ring deformation

Oxidation of 2 to the tricationic state involves profound
spectral changes as revealed for the spectra obtained with either
red or infrared excitation lines. First, the line at 1612 cm™),
characteristic of the benzenoid ring in the neutral form of the
molecule, diminishes in intensity on the expense of two lines at
1595 and 1571 cm™', which are usually attributed to C—C
stretching in quinone or semiquinone rings. Concomitantly, the
band originating from the C=N stretching at 1494 cm™),
which is very weak in the spectrum of neutral 2 and indicates
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minute amounts of oxidation products, grows in intensity.
Second, a new peak ascribed to the formation of radical cations
in the oxidized form of the molecule appears at 1358 cm™" and
is accompanied by a second “radical cation” peak at 1333 cm™,
already detected in the spectrum of the neutral form of 2.
Consistent with these changes, the band at 1289 cm™,
attributed to the C—N stretching and clearly resolved in the
spectrum of the neutral molecule, diminishes in intensity and in

the case of the use of A, = 1064 nm is present as a weak

dx.doi.org/10.1021/jp502735s | J. Phys. Chem. B 2014, 118, 5278-5288
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shoulder of the 1333 cm™ band. Third, the peak attributed to
the deformations of the amine group at 821 cm™ in the
spectrum of neutral 2 is shifted to 794 cm™, confirming the
oxidation of the amine moiety. Finally, the band at 1171 cm™
(C—H in-plane bending deformations in the aromatic ring)
remains relatively unchanged with respect to the corresponding
band in the spectrum of neutral 2.

From this analysis, it appears clear that in the fully oxidized
molecule both radical cations and quinone-type dications are
present. This is perfectly consistent with the above outlined
picture of the charge and spin storage configurations. However,
the spectra of “partially” oxidized 2 also show the presence of a
quinone-type dication, which should be absent if the oxidation
was totally homogeneous. This finding may imply some
nonhomogeneity in the oxidation process. However, the
bands originating from quinone-type vibrations are strongly
resonantly enhanced; therefore, the content of dications in the
“partially” oxidized samples may be very low. Anyhow, resonant
effects exclude in this case any quantitative estimation.

Our attempts to register Raman spectra of “fully” oxidized 3
were unsuccessful, independently of the excitation line used.
The spectra of “partially” oxidized samples were very similar to
those obtained for “partially” oxidized 1 and 2. In Figure 8, its
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Figure 8. Raman spectra of 3 oxidized with 1 equiv of the oxidant
(“partially oxidized”), registered using different excitation lines: (a)
blue line 458 nm; (b) green line 514 nm; (c) red line 647 nm; (d)
Fourier transform Raman spectrum, infrared line 1064 nm.

representative spectra, obtained for different A values, are
presented. They can be interpreted in the same manner as the
spectra of 2. One should however note that the bands
attributed to the presence of radical cations, in the spectral
range 1330—1350 cm™, are relatively more intensive than in
other cases. This may imply more homogeneous oxidation.
However, the resonance effects exclude any quantitative
approach.

B CONCLUSIONS

To conclude, two families of dendrimers based on triphenyl-
amine units were synthesized with two different crowns. On the
basis of the geometries and the symmetry point groups of these
compounds, obtained by applying semiempirical quantum
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chemistry methods, assignments of the main incoherent
inelastic neutron scattering (IINS) bands in the 60—240 meV
range were proposed in relation to the experimentally observed
Raman and IR bands. To support these interpretations,
numerical vibrational models of the studied compounds,
based on the general valence force field method (GVFF),
were established which additionally corroborated the proposed
assignments. Moreover, the activity/inactivity of particular
modes in different spectroscopies (IINS, Raman, IR) could be
explained through symmetry considerations and taking into
account the IINS cross section.

Raman spectroscopy was also applied to the investigations of
the vibrational properties of cationic (oxidized) forms of these
dendrimers. The obtained results allowed us to formulate the
following conclusions. First, Raman spectra registered at
different oxidation levels of the dendrimers strongly depended
on the position of the excitation line with respect to their
electronic spectrum. In particular: (1) the blue (458 nm)
excitation line turned out to be insensitive toward the radical
cationic and cationic forms of these compounds and revealed
only the presence of unoxidized segments or unmodified
aromatic rings from the crown. (2) The use of the red (647
nm) and infrared (1064 nm) excitation lines allowed for an
unambiguous monitoring of the oxidation reaction, showing at
the same time the formation of semiquinoid and quinoid
segments in the cationic forms of the molecules. Finally, from
these experimental observations, and based on the assignments
of the Raman bands established for neutral molecules, it was
possible to propose a mechanism of their oxidation to cationic
forms, consistent with the experimental findings.

B EXPERIMENTAL SECTION

Characterization Techniques. 'H and '*C NMR spectra
were recorded on a Varian Mercury (400 and 100 MHz)
spectrometer and referenced with respect to TMS and solvents.
IR spectra were monitored on a Bio-RAD FTS-165
spectrometer using KBr pellets. UV—vis/NIR spectra were
registered using a Cary 5000 (Varian) spectrometer. Mass
spectra were measured by the EI method on an AMD 604 mass
spectrometer. All synthesized compounds studied were subject
to C, H, N, and Br elemental combustion analysis.

Reagents. Tris(4-bromophenyl)amine, 4-butylaniline, 4-
butylbromobenzene, diphenylamine, palladium acetate, Pd-
(OAc),, tris-tert-butylphosphine, t-BuyP, 2,2’-bis-
(diphenylphosphino)-1,1’-binaphtyl, BINAP, sodium tert-but-
oxide, t-BuONa, di-tert-butyl dicarbonate, trifluoroacetic acid,
tris(4-bromophenyl)amminium hexachloroantimonate, TBA-
SbCls anhydrous toluene, anhydrous dichloromethane, and
anhydrous acetonitrile were purchased from Aldrich.

Di-(4-butylphenyl)amine was prepared according to ref 61.

All glassware was oven-dried, assembled hot, and cooled
under a dry argon stream before use. All reactions were
performed under dry argon.

The dendrimers were prepared according to the procedure
described by Ito et al.*” Below, we give the detailed description
of the preparation of dendrimer 2 as an example.

Dendrimer 1. "H NMR (400 MHz, CDy) 6, 7.12 (d, ] = 8.4
Hz, 12H), 7.06—7.02 (m, 18H), 6.95 (d, ] = 9.2 Hz, 6H), 6.82
(t, J = 74 Hz, 6H). *C NMR (100 MHz, C/Dy) 5, 148.4,
143.5, 143.0, 129.5, 126.0, 125.1, 124.1, 122.7. IR (cm™): 3033,
2953, 2924, 2871, 1589, 1502, 1493, 1308, 1270, 1172, 1074,
820, 752, 695. Anal. Caled for Co,H,,N,: C, 86.86; H, 5.63; N,
7.51. Found: C, 86.54; H, 5.56; N, 7.27.
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Dendrimer 2. Di-(4-butylphenyl)amine, 0.927 g (3.3 mmol);
tris(4-bromophenyl)amine, 0.482 g (1 mmol); sodium tert-
butoxide, 0.346 g (3.6 mmol); palladium acetate, 20.2 mg (0.09
mmol); and +Bu,P, 54.6 mg (0.27 mmol) were dissolved in 15
mL of dry toluene under an argon atmosphere. The reaction
mixture was stirred and heated at 110 °C for 12 h. The reaction
mixture was then cooled to room temperature and washed with
30 mL of distilled water. The aqueous phase was extracted with
three S mL portions of diethyl ether. The organic layers were
combined and dried over MgSO,. Removal of the solvents
followed by chromatography on silica gel with hexanes/CH,Cl,
(2:1) resulted in a yellow solid. The resulting solid was
recrystallized from THF/ethanol to give 0.95 g of 2 as a slightly
yellow powder (yield 88%).

'H NMR (400 MHz, C,Dg) 3, 7.18 (d, J = 8.4 Hz, 12H),
7.06 (d, ] = 2.8 Hz, 12H), 6.95 (d, ] = 8.4 Hz, 12H), 2.43 (t, ] =
7.6 Hz, 12H), 1.52—1.44 (m, 12H), 1.29—1.20 (m, 12H), 0.84
(t, ] = 7.4 Hz, 18H). *C NMR (100 MHz, C/Dy) 6, 146.5,
143.5, 143.1, 137.1, 129.6, 1252, 125.1, 124.4, 35.1, 33.9, 22.4,
13.9. IR (ecm™): 3027, 2956, 2927, 2871, 1505, 1466, 1306,
1267, 1114, 1016, 827. Anal. Calcd for C,Hy,N,: C, 86.51; H,
8.32; N, 5.17. Found: C, 86.34; H, 8.19; N, 5.23. m/z = 1082.8.

Dendrimer 3. "H NMR (400 MHz, C,D;) 8, 7.18 (d, ] = 8.4
Hz, 24H), 7.07 (s, 36H), 6.95 (d, ] = 8.4 Hz, 24H), 2.42 (,] =
7.6 Hz, 24H), 1.52—1.44 (m, 24H), 1.28—1.20 (m, 24H), 0.84
(t, ] = 7.2 Hz, 36H). IR (cm™): 3027, 2956, 2927, 2871, 1505,
1466, 1306, 1267, 1114, 1016, 827. Anal. Calcd for
Cy7H0,N g C, 86.28; H, 7.93; N, 5.79. Found: C, 85.91; H,
8.06; N, 5.80.

Oxidation Procedure. The chemical oxidation of the
dendrimers was carried out in an argon atmosphere. In a typical
procedure, 6.5 X 107> mol of the dendrimer was dissolved in
2.2 mL of THF and then oxidized with the appropriate amount
of tris(4-bromophenyl)amminium hexachloroantimonate, TBA-
SbCl,, in acetonitrile solution. The solution of the oxidized
dendrimer was stirred under an argon atmosphere for 10 min.
The solvents were evaporated in a vacuum, and the sample was
dried in a vacuum to constant mass.

Inelastic Incoherent Neutron Scattering. Inelastic
incoherent neutron scattering measurements in the 20—340
meV energy transfer range were carried out on a triple axis IN1
spectrometer at ILL (Grenoble). The spectrometer was used in
the configuration involving a Cu,,, crystal monochromator (4 =
1278 A) equipped with a 60’ collimator. The analyzer was a
BeF crystal. The samples were mounted in an aluminum foil flat
container which was placed at 90° respectively to the incident
beam. All spectra were recorded at 14 K. In such a
configuration, the expected energy resolution was around S.5
meV for small energy transfers in between 20 and 140 meV and
then it linearly decreased to 7.5 meV for a 250 meV energy
transfer.

A brief description of the neutron scattering theory can be
found in the Supporting Information.

Raman Spectroscopy. Raman spectra of neutral and
oxidized dendrimers were recorded on a Jobin-Yvon T64000
spectrometer (4., = 457, 514, and 647 nm, laser power = 10
mW, 2 pum diameter spot, typical exposure times 60 s) or on a
FT Raman Bruker RFS 100 spectrometer with the near-IR
excitation line (1064 nm, laser power = 50 mW).
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A brief description of the neutron scattering theory; calculated
bond lengths and angles, main force constants, and modeling
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