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Tuning of Electronic Properties in Thienyl-Phosphole n-Conjugated Systems
through P-Functionalization Monitored by Raman Spectroscopy

Juan Casado,"” Régis Réau,” and Juan T. Lopez Navarrete*!*!

Abstract: Herein, a Raman spectro-
scopic study of a new family of 2,5-
di(2-thienyl)phospholes and thienyl-
capped 1,1’-diphospholes is presented.
The Raman spectra have been careful-
ly assigned with the help of density
functional calculations. For di(2-thie-
nyl)phospholes, two well-differentiated
groups of Raman bands exist that arise

of the electronic structure. This paper
reports interesting relationships be-
tween geometrical data such as the
BLA (bond-length alternation) param-
eter and Raman band wavenumbers.
These correlations are unprecedented

Keywords: density functional calcu-
lations - electronic structure - oligo-

in the chemistry of phospholes and
have been used to interpret the evolu-
tion of the electronic structure (aroma-
ticity=sm-conjugation) upon 1) substitu-
tion of the central sulfur atom of ter-
thiophene by phosphorus and 2) P-
functionalization. Increasing the coor-
dination number of the phosphole ring
results in intramolecular charge trans-

either from the central phosphole ring
or from the outer thiophene substitu-
ents. These data reveal a segmentation

Introduction

Thiophene is amongst the most commonly used aromatic
building blocks for the tailoring of m-conjugated oligomers
and polymers. Its high thermal and chemical stability and
ease of functionalization are some of the reasons for its in-
tensive use in this field.'! In fact, the family of oligothio-
phenes (i.e., thiophene oligomers) is one of the most useful
classes of organic conjugated systems. They have been suc-
cessfully applied to a variety of optoelectronic devices such
as light-emitting diodes (LEDs) and thin-film field-effect
transistors (FETs).') Nonetheless, these homo-oligomers
are not the best choice as far as band gap (i.e., HOMO-
LUMO energy gap) is concerned. For instance, theoretical
studies have revealed that the energy gaps of poly- and oli-
gophospholes are considerably lower than those of their cor-
responding thiophene-based analogues.**®! This is because
phosphole is less aromatic than thiophene and hence its &t
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fer. The best scenario for phosphole ar-
omaticity is found for 1,1'-diphosp-
holes.

pi-conju-

system is more easily delocalized along a conjugated back-
bone. It is already well-established that the best properties
of different building blocks can be maximized by preparing
alternating mixed conjugated systems. With this in mind, the
substitution of the central thiophene unit of terthiophene by
phosphole has recently been carried out.!”) Furthermore, the
reactivity of the phosphorus atom has been exploited to
extend the family of these mixed phosphole-thiophene com-
pounds.”® These rather “simple” chemical modifications
(i.e., oxidation, alkylation, etc.) permit fine-tuning of the
physical properties of these compounds to yield novel mate-
rials for optoelectronics applications. This has been nicely il-
lustrated by the report on thiophene-phosphole oligomers,
the first organophosphorus conjugated material to be used
for the fabrication of LEDs.™

After outlining the technological importance of these
compounds, our purpose here is to shed further light on the
mechanisms of electronic coupling in chains containing five-
membered heterocycles of different aromaticity.>” In par-
ticular, the insertion of phosphole within an oligothiophene
has two significant advantages: 1) A decrease in the
HOMO-LUMO gap!®l and 2) the extra benefit of the ver-
satile reactivity of the phosphorous atom allowing modifica-
tion of its coordination number."” The reader will quickly
realize that the principal electronic feature of all the trimers
under study (Figure 1) is the competition between intra-ring
delocalization (aromaticity) and inter-ring delocalization
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Figure 1. Chemical structures and abbreviations of the molecules studied
in this work. The atom numbering in TPT is that used in Table 1.

(backbone 7 conjugation). The central focus of this paper is
the study of the balance between these two types of delocal-
ization as well as the modification through chemical func-
tionalization of the phosphorus atom using Raman spectros-
copy. Vibrational Raman spectroscopy will be employed as
the main tool to monitor the electronic structure of the tri-
mers under study, while quantum chemistry, UV/Vis absorp-
tion spectroscopy, and X-ray diffraction data will be used as
auxiliary analytical methods. The suitability of Raman spec-
troscopy to the study of conjugational properties lies in the
existence of a close relationship between the observed
Raman lines and the m-conjugated structure.'”) Despite the
high complexity of the Raman effect, it does provide intui-
tive ideas about this spectroscopic—structure relationship.
The phenomenon originates in the existence of very effec-
tive electron—phonon coupling which results in some vibra-
tional modes that mimic the evolution of the skeletal/elec-
tronic structure from the ground electronic state to the first
accessible electronic state (S;). In this class of polyconjugat-
ed molecules the dipole-allowed S,—S,; excitation is an elec-
tronic transition with a very high oscillator strength (vide
infra) with which the molecule undergoes a very large reor-
ganization of the electric dipole quantities and consequently
of the molecular polarizabilities responsible for the Raman
activity. As a result, those vibrations that couple both elec-
tronic states are expected to be very intense in the Raman
spectrum.['” It follows that the peak position of these en-
hanced Raman lines can be viewed as observables of the ar-
omaticity/inter-ring conjugation electronic balance and that
their wavenumbers can provide an estimation of the preva-
lence of one or the other.

This paper focuses on three 2,5-di(2-thienyl)phospholes
[abbreviated as TPT, TPT(S), and TPT(AuCl)] and the
dimer d-TPT (Figure 1). The first family consists of “classi-
cal m-conjugated systems” in the sense that they feature an
alternation of single and double bonds. TPT(S) and TPT-
(AuCl) have been successfully used as materials for LEDs.
In d-TPT, through-bond or through-space interactions be-
tween the conjugated units can take place owing to the high
polarizability and the low o-o* gap of the P—P bond, in
analogy with the well-known Si—Si case. The manuscript is
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structured in two main parts. First, the vibrational assign-
ment of the main Raman lines based on the topologies of
the normal modes obtained by theoretical calculations is
presented; some intuitive relationships between structural
parameters and Raman wavenumbers will be discussed.
Second, once the nature of the Raman lines has been estab-
lished, the Raman spectra upon thiophene/phosphole ex-
change (TTT versus TPT, Figure 1) and upon chemical mod-
ification of the phosphorus atom [TPT(S) and TPT(AuCl)
versus TPT] will be interpreted.

Results and Discussion

Molecular structures and optical spectra of TPT and d-TPT:
The most relevant experimental and calculated bond lengths
for TPT and d-TPT are presented in Table 1 and Figure 2

Table 1. Experimental and calculated (B3LYP/6-31G**) geometric data
for TPT and d-TPT."

TPT (exptl)

TPT (caled)  d-TPT (exptl)  d-TPT (calcd)

P-Cl  1817(4) 1.831 1.802(5) 1.824
1.818(5) 1.808(5)

Cl=C2  1.356(6) 1375 1.360(6) 1373
1.366(6) 1.374(7)

C2-C3  1.465(7) 1.470 1.459(7) 1.464
1.454(6)

Cl-C4  1.446(6)" 1.446 1.459(7) 1.447
1.462(6)

C4-S  1.742(5)" 1.768 1.713(5) 1.764
1.734(5)

C4=C5  1.406(7)" 1.387 1.363(7) 1386
1.393(7)

C5-C6  1.422(8)" 1.423 1.403(8) 1.424
1.404(8)

[a] Bond lengths are given in A. For the atom numbering see Figure 1.
[b] Values for the less disordered thienyl group.

shows two molecular views of the optimized structure of the
P-P dimer species calculated at the B3LYP/6-31G** level of
theory. Note that in the solid state, the thienyl rings of TPT
exhibit a statistical disorder (syn and anti conformation with
respect to the central phosphole ring), leading to some
equalization of the thienyl bond lengths (Table 1).1!! For d-
TPT, theory predicts an all-trans conformation for the three
five-membered rings and a pyramidal geometry for the two
phosphorus atoms. The two TPT moieties are not slipped in
between but displaced each other around the P—P bond
(gauche conformation) probably due to the steric hindrance
between the CH, groups. This optimized structure is in good
agreement with the experimental X-ray diffraction study.®
Very interestingly, on passing from TPT to d-TPT, theoreti-
cal and experimental data show subtle geometrical changes
of the central phosphole ring (Table 1), while geometric
data for the C=C/C—C bond lengths of the external thio-
phenes remain almost unaltered (Table 1).

The first focus of this analysis is the UV/Vis electronic ab-
sorption spectrum of TPT since 1) it is a prototype for this
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BLA: 0.051

Figure 2. Molecular views of the optimized structure of d-TPT calculated
at the B3LYP/6-31G** level of theory. Bond lengths and bond-length al-
ternations (BLA) are given in A.

series of phosphole-based compounds and 2) its theoretical
simulation by time-dependent density functional theory
leads to savings of computational costs (i.e., the lowest mo-
lecular weight). TD-DFT//B3LYP/6-31G** excited-state cal-
culations predict that the lowest-lying Sy—S; electronic tran-
sition exhibits by far the largest oscillator strength within
the 10 first electronic excitations of TPT which mostly occur
in the UV/Vis spectral region.!!

From these results, two important insights can be de-
duced. 1) The lowest-lying electronic band measured at
412 nm in TPT is related to the HOMO —-LUMO (S§;—S,)
one-electron promotion calculated at 426 nm. 2) This excita-
tion shows by far the largest oscillator strength and extinc-
tion coefficient for its associated absorption band in the Vis/
NIR excitation spectrum which comprises the preresonance
region of our Raman experiment (4.,.=1064 nm). The
reader should bear in mind these two results throughout the
paper since they support the principal arguments in the dis-
cussion on Raman intensity modulation and in the interpre-
tation of the electron—-phonon mechanism. To help with this
discussion in the next sections, the topology of the compo-
nents of this intense transition, the HOMO and LUMO or-
bitals of TPT and d-TPT, are shown in Figure 3.

The HOMO-LUMO band of TPT is red-shifted by
around 20 nm with respect to that of TTT, probably as a
result of the higher ring aromaticity of thiophene relative to
that of phosphole. Stronger aromatization stabilizes/destabil-
izes the HOMO/LUMO terms and enlarges their energy
separation. Oxidation or coordination of phosphorus in
TPT(S) and TPT(AuCl) fully disrupts the phosphole aroma-
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Figure 3. Orbital topologies of the HOMO and LUMO wavefunctions of
TPT (bottom) and d-TPT (top).

ticity, resulting in a destabilization/stabilization of the
HOMO/LUMO energies and a concomitant displacement of
the UV/Vis bands to lower energies by 30-40 nm.[*”! The
tuning of the wavelength maxima of the HOMO-LUMO
band of the “nonaromatic” phosphorus-substituted deriva-
tives must be related to electronic effects of different ori-
gins, probably sizable intramolecular charge transfer towards
the central ring. In contrast, the HOMO-LUMO band in d-
TPT appears at around 500 nm, a feature that must result
from additional interactions, possibly electronic couplings
between the two assembled TPT molecules mediated by the
highly polarizable P—P bridge.”® The next sections will try to
shed light on these assumptions on the basis of data provid-
ed by Raman spectroscopy.

Experimental and theoretical Raman spectra: spectro-
scopic—structure correlations:

Assignment of the Raman spectra: Theory reproduces the vi-
brational Raman profiles of d-TPT quite well, as shown in
Figure 4. On the other hand, Figure 5 depicts the vibrational
eigenvectors associated with the most important lines of the
experimental spectrum.

The Raman band at 1512 cm™!, which is calculated to be
at 1514 cm™', arises from an antisymmetric C=C stretching
vibration of the outermost thiophene rings (see its eigenvec-
tor in Figure 5). Its homologous symmetric v(C=C) thienyl
stretching mode is associated with the experimental Raman
line at 1416 cm™ (1412 cm™ in the theoretical spectrum).
The highest energy band at 1555cm™' (calculated value,
1545 cm™) is due to an antisymmetric C=C stretching vibra-
tion of the phosphole rings. Its symmetric counterpart is as-
sociated with the strongest Raman line at 1465 cm™', pre-
dicted by B3LYP/6-31G** theory to be at 1456 cm™. Secon-
dary Raman lines, like that measured at 1327 cm™ (calcu-
lated value, 1305 cm™"), can be described as a C—C stretch-
ing mode of the phosphole moiety while the thienyl
homologue might be associated with the line at 1351 cm™!
(theoretically at 1337 cm™).
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Figure 4. Comparison between a) the Raman spectrum of d-TPT calculat-
ed at the B3LYP/6-31G** level of theory and b) the experimental
Raman spectrum.

Figure 5. Vibrational eigenvectors associated with the most important lines of the theoretical spectrum of d-

TPT. Theoretical values are given in cm ™.

Electron-phonon coupling and Raman spectra: The experi-
mental and theoretical geometries indicate that the skeletal/
electronic structures of the co-oligomers are of heteroaro-
matic character (the side bonds of each five-membered ring
have double-bond character while the CC bonds connecting
them and the inter-ring bonds are single). Provided that the
pure electronic contribution to the Raman activity comes
from the lowest-lying electronic transition (HOMO —
LUMO one-electron excitation), it is reasonable to assume
that the quinoid profile described by the orbital topology of
the LUMO (i.e., C=C/C—C bonding/antibonding interac-
tions in S, become antibonding/bonding in S;) makes a sig-
nificant contribution to the structure of this first excited
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electronic-state. As a result, the normal modes effecting the
largest changes in molecular polarizability and Raman in-
tensity should correspond to vibrations that mimic the heter-
oaromatic —heteroquinoid (S,—S;) skeletal transition or C=
C/C—C stretching vibrations. The Raman spectra of these
trimers (vide infra) display only a few but very intense
bands, all of them appearing in the C=C/C—C stretching
region (1300—1600 cm ™). This feature reinforces the predic-
tions of the extraordinary polarizability enhancement and
selectivity that arise from the coupling of particular skeletal
modes to the electronic structure or the electron—phonon
mechanism.

On the relative Raman intensities of the C=C/C—C modes:
From the previous analysis, it follows that 1) only the S;—S,
excitation is mainly involved in the preresonance region of
our Raman experiment!"? and 2) this excitation consists of a
one-electron HOMO—-LUMO
promotion implying an aromat-
ic(Sy)—quinoid(S,) evolution of
the electronic structure. Conse-
quently, the vibrational mode
- that better couples the molecu-
lar structures of these two states
is that associated with the
Raman mode at 1465 cm™! (the
phosphole C=C bond distances
lengthen and the C—C bonds
shorten) which is the strongest
Raman line of the whole spec-
trum. On the other hand, the
assignments made in the previ-
ous section show that the stron-
- gest Raman bands are divided
into three sets of doublets
wherein each component be-
longs to vibrational modes lo-
cated either in the phosphole or
in the thiophene subunits. For
1412 the highest wavenumber bands,
the Raman lines associated with
the stretching modes of the cen-
tral phosphole are always the
most intense. This distribution
of the Raman intensities may be due to the fact that within
the Sy—S; transition the largest reorganization of charge
density, the greatest contribution to the oscillator strength
and to the polarizability moment transition (Raman activi-
ty),l? occurs in the central phosphole, thus explaining the
high intensity of its antisymmetric and symmetric C=C/C—C
stretches. Hence, the corresponding thienyl vibrations are
secondary bands as these peripheral groups are less involved
in the dominant electronic transition.

1456

Raman wavenumbers and molecular structure: Let us now
focus our attention on the ring character of these vibrations
and the intimate relationship between their wavenumbers

Chem. Eur. J. 2006, 12, 3759 -3767
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and some ring structural parameters. The C=C bond lengths
calculated at the B3LYP/6-31G** level of theory are very
similar for thiophene (1.371 and 1.386 A) and phosphole
(1.375 and 1.378 A). It is thus not clear which C=C stretch-
ing would appear at a higher or lower wavenumber. The
bond-length alternation (BLA) is a structural parameter
equivalent to the Julg index and, like the nucleus-independ-
ent chemical shift (NICS) magnetic criteria, is a reliable ap-
proach to the evaluation of ring aromaticity.”>! The BLA is
the average of the differences between consecutive CC
bonds of a given C=C/C—C path. To some extent, this pa-
rameter is a measure of the phenomenon of bond-length
equalization, which is a characteristic of aromatic rings (i.e.,
BLA for benzene is 0 and 0.063 A for thiophene according
to B3LYP/6-31G** calculations). Deviations from these
values might be interpreted as a disruption of ring aromatic-
ity in favor of inter-ring C=C/C—C conjugation in the case
of our a,0’ linearly connected five-membered rings.

Assuming the relationship between these criteria and
their reliability to account for aromaticity (even the concept
itself is questionable), we have tried to correlate ring BLA
data and Raman wavenumbers. It is not our intention to es-
tablish new spectroscopic methods for measuring ring aro-
maticity, but the realization of spectroscopic and structural
quantities that likely share a common origin. The general
validity of this finding should require much more extensive
analyses and structure/spectroscopic elucidations (beyond
the scope of the present study). In this regard, the reader is
referred to a recent publication that shows quite relevant
Raman-wavenumber/BLA relations and their dependence
on the nature of the substitution in aromatic oligothio-
phenes.[']

The computed BLA values for the thiophene and phosp-
hole rings of d-TPT are, respectively, 0.0485 and 0.0885 A
(Figure 2), reflecting a great degree of ring CC bond-length
equalization in the thienyl moieties. This feature is in accord
with the greater aromatic character of thiophene relative to
phosphole. In contrast to the consideration of individual
bonds lengths, a correlation exists between ring BLA and
Raman peak positions in the sense that the lower wavenum-
bers of the thienyl bands agree with the lower BLA value
for thiophene, somehow revealing the connection between
ring structure and ring vibrations. On the other hand, this
result evidences the segmentation of the electronic structure
of d-TPT as well as that of its monomer homologue TPT, as
will be shown by comparison with terthiophene (TTT). In
the next section we focus on the electronic properties after
phosphole functionalization and it will be shown that the
above-described spectroscopic/structure correlation  still
holds upon chemical complexation or oxidation of the phos-
phorus of the phosphole center.

Raman spectra upon chemical functionalization:
Comparison of TTT and TPT: Figure 6 depicts the FT-

Raman spectra of TTT, TPT, and its TPT(AuCl) and
TPT(S) derivatives.
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Figure 6. FT-Raman spectra of a) TTT, b) TPT, c¢) TPT(S), and d) TPT-
(AuCl).

Two important lines at 1526 and 1462 cm™! are observed

in the spectrum of TTT which correspond to the antisym-
metric and symmetric C=C stretching modes mainly located
in the external and internal rings, respectively.”® For our
purposes, the peak position of the central-ring vibration at
1462 cm ™! of TTT can be compared with the wavenumbers
of the phosphole-ring vibrations of the mixed co-oligomers.
The wavenumbers of these stretches (TPT, 1470 cm™'; TTT,
1462 cm™") are in agreement with the lowering of the BLA
of the central ring on passing from TPT (0.093 A) to TTT
(0.051 A). This is also in accordance with the greater aroma-
ticity of thiophene relative to phosphole. The very low aro-
matic character of phosphole is well documented to be
caused by the nonplanar conformation of the phosphorus
and the high s character of its lone electron pair, two factors
which prevent efficient delocalization of the sextet over the
ring.1 In fact the whole effect of phosphorus aromatiza-
tion within the phosphole ring (i.e., the interaction of the
P—R fragment with the cis-butadiene moiety) can be divided
into two contributions: 1) The interaction between the m*
vacant orbitals of butadiene and the lone electron pair orbi-
tal of the phosphorus atom and 2) the hyperconjugative in-
teraction between the m-occupied orbitals of the butadiene
group and the exocyclic P—C bond (the energy of this bond
is in the range of the m bonds).’*! Halfway between these
two effects, the presence of bulky substituents connected to
the phosphorus atom facilitates its planarization thus in-
creasing phosphole aromaticity (vide infra).!**

TPT upon functionalization: The phenomenon of ICT: This
section is concerned with the first case, that is, the interac-
tion between the butadiene moiety and the phosphorus
atom and is exemplified by means of the analysis of the
Raman spectra upon functionalization of TPT through the
phosphorus lone electron pair. The most noticeable feature
is the upshift of the band associated with the phosphole v,-
(C=C) mode which moves from 1470cm™' in TPT to
1481 cm™ in TPT(AuCl) and to 1486cm™ in TPT(S)
(Figure 6).
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Oxidized or coordinated phosphole rings are clearly not
67 electron systems. As a consequence, the double bonds of
the central five-membered ring are strengthened and the
single bond weakened (namely, the B3LYP/6-31G** calcu-
lated central-ring C=C/C—C bond lengths change from
1.375/1.470 A in TPT to 1.370/1.486 A in TPT(S)) resulting
in a decrease in bond equalization (increase of BLA) and a
shift of the Raman lines associated with ring stretches to
higher energies. In addition to the reduction in phosphole
aromaticity, accompanied by the upshift of the Raman
bands, other phenomena must exist to account for the differ-
ent appearance of the Raman peaks in TPT(AuCl) and
TPT(S). The central phosphorus five-membered heterocycle
becomes a partially electron-deficient center upon oxida-
tion/complexation and a certain degree of intramolecular
charge transfer (ICT) from the outer electron-rich thio-
phenes to the central electron-withdrawing ring might be ex-
pected. This ICT results in a partial quinoidization of the
structure, as shown in Scheme 1 (i.e., a weakening of the

p” ==
N\
Ph/ S
[S]
Scheme 1. Quinoidization of TPT(S) due to ICT.

double bonds and a strengthening of the single ones), and is
supported by the wavenumber downshift of the v(C=C) ring
stretching vibrations (i.e., 1486cm™ in TPT(S) and
1481 cm™' in TPT(AuCl)). This phenomenon takes place
upon tetra-/penta-coordination of the phosphorus atom and,
therefore, is more marked in the central ring than in the
outer thiophenes. Moreover, the impact on these external
rings is further attenuated by the fact that the whole effect
is shared by two thiophenes and, hence, a small downshift of
the v,(C=C) thienyl Raman wavenumbers is observed from
1517cm™ in TPT(AuCl) to 1515cm™ in TPT(S) (see
Figure 6). ICT might influence the atomic charge distribu-
tion as well, hence the charges on the outer thiophene rings,
although very subtly for the above reasons, evolve as
—0.043¢——0.040e on TPT—-TPT(S), while the positive
charge on the central phosphorus ring is significantly neu-
tralized upon oxidation of the phosphorus atom with sulfur
(+0.304¢ in TPT and +0.001e in TPT(S)). One more detail
that might confirm the charge redistribution upon ICT is the
large charge density (—0.361e) located on the central sulfur
atom of TPT(S) (Scheme 1).

Comparison of TPT and d-TPT: Through-bond interactions:
In contrast to the above wavenumber-upshift noticed upon
oxidation/complexation of the phosphorus atom, the »(C=C)
Raman lines of d-TPT are displaced to lower energies with
respect to TPT while the thienyl bands remain unaltered
(Figure 7). These observations should reflect the phenomen-
on of hyperconjugation between the butadiene group and
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Figure 7. Solid-state FT-Raman spectra of a) TPT and b) d-TPT.

the exocyclic P—C bond mentioned above. This phenomenon
is observed spectroscopically in the dimer through the 3 and
5cm! downshift of the »(C=C) phosphole stretches, which
is in agreement with a slight decrease in the BLA on going
from TPT (0.093 A) to d-TPT (0.088 A), an evolution that
is consistent with a slight bond-length equalization or in-
creased phosphole aromaticity in d-TPT. On the other hand,
negligible BLA changes have been predicted for the outer-
most thiophene rings in agreement with the constant peak
position of their associated Raman lines. Note at this point
that the theoretical data derived from DFT theory should
be regarded with some caution as a result of its intrinsic lim-
itations. However their good correlation with experiments
must be stressed despite the inherent difficulty (very small
spectroscopic changes) associated with the subtle effects
taking place in the electronic structures of these systems. In
this sense, it is interesting to highlight how the calculations
and spectroscopic data pretty well agree in the evaluation of
ring structural parameters.

Upon formation of a P—P bond, a favored scenario for
phosphole ring aromaticity is expected. Upon substitution of
the phosphorus atom with a bulkier group (Ph—TPT), it is
possible to argue that a flattening of the phosphole ring
might facilitate ring aromaticity. However, this hypothesis
has to be ruled out since the so-called “pyramidality” of the
tri-coordinate phosphorus atom (given by the sum of the
CPX angles obtained by X-ray diffraction study) is 310.4° in
TPT and 311.4° in d-TPT, showing that the phosphorus
atoms have very similar geometries.

The spectroscopic downshift of the v(C=C) phosphole
stretches in the assembled molecule may also be rational-
ized in terms of the hyperconjugation between the m(buta-
diene) and the P—C/P—P bonds. This phenomenon is favored
in the presence of a more polarizable P—P bond (i.e., a
higher energy of the o term of the P—P bond in d-TPT with
regard its P-C parent). This mechanism likely induces a
slight increase in the aromaticity of the phosphole ring in
the dimer system, accompanied by certain bond-length
equalization and a red shift of the stretching Raman modes.
This description represents a through-bond interaction be-
tween the two m chromophores that leads to electronic cou-
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pling of their frontier orbitals. This feature is probably the
origin of the reduction of the HOMO-LUMO energy gap
relative to the P—Ph molecules (HOMO-LUMO band: d-
TPT, 500 nm; TPT, 412 nm, vide supra).

Raman spectra in solution and thermospectroscopic study:
To gain more insight into the nature of the coupling of the
two TPT components in the dimer, the Raman spectrum of
d-TPT was recorded in dichloromethane (Figure 8). Com-

b)

w
©
=
-

1512

«—1555

a)

Relative Raman units ——

1600 1550 1500 1450 1400 1350 1300 1250
Wavenumber / cm™

Figure 8. FT-Raman spectra of a) d-TPT in the solid state and b) d-TPT
in dichloromethane.

parison between the solid-state and solution Raman spectra
shows that the phosphole v,(C=C) line is upshifted by
4cm™' (1469 cm™'), whereas the thiophene v,(C=C) line
scarcely changes.

To further investigate the solid-state interactions, the evo-
lution of the Raman spectrum of d-TPT was analyzed as a
function of temperature. By cooling the solid material, the
phosphole and thiophene v(C=C) wavenumbers are shifted
to slightly higher values (phosphole, 1465 cm™ (100°C)—
1467 cm™ (—170°C); thiophene, 1512cm™' (100°C)—
1513 cm™ (=170°C)). At low temperatures, the intermolec-
ular and through-space interactions between the two TPT
chromophores are expected to be particularly promoted
while through-P—P-bond interactions should in principle co-
alesce. The minimal thermospectroscopic changes seem to
dismiss the involvement of significant through-space m—m*
interactions in d-TPT. Moreover, the evolution of the spec-
tra with varying temperature and in solution is likely in-
duced by local weak interactions affecting the phosphorus
atoms (i.e., solvation, solvent-solute interactions or hydro-
gen bonds with neighboring hydrogen atoms in the solid
state). Overall, these results reinforce the hypothesis that
through-bond interactions between the two chromophores
in the P-P dimer are the relevant electronic effect in this as-
sembled system.
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Conclusion

In this paper the electronic structure of a very new class of
molecules that combines thiophene and phosphole units has
been explored with special emphasis on their m-electron
conjugational properties. The study is principally concerned
with Raman spectroscopy but is partially guided by theoreti-
cal calculations (DFT//B3LYP/6-31G** methodology) and
UV/Vis absorption spectroscopy. This work highlights the
use of vibrational Raman spectroscopy as an incisive probe
of the structure of this class of conjugated systems and
serves to outline significant structure—property relationships.
Two differentiated groups of bands exist that belong to
either the central phosphole or the outer thiophene. This
band division reveals a certain degree of segmentation of
the structure which is particularly interesting with regard
the promotion of the electronic interactions needed to im-
prove the optical properties of phosphole-based m-conjugat-
ed systems.

A correlation between the wavenumber of the strongest
Raman lines and the BLA structural parameter has been
proposed to evaluate the modulation of the electronic prop-
erties. In this regard, the changes in the Raman band wave-
numbers have been successfully discussed in terms of 1) thi-
ophene/phosphole aromaticity (ring bond-length equaliza-
tion), 2) the oxidation or complexation of phosphorus, fol-
lowed by intramolecular charge transfer and sizable structur-
al quinoidization, and 3) the hyperconjugation of the
exocyclic P—P bond in thienyl-capped 1,1’-diphosphole
which promotes better phosphole aromatization. In conclu-
sion, this work rationalizes how electronic properties in con-
jugated thienyl-phosphole co-oligomers are particularly bal-
anced by subtle aromatic/conjugating interactions and illus-
trates how an efficient spectroscopic method (Raman spec-
troscopy) may be used to monitor important structural and
electronic parameters that play an essential role in the
design of new organo-phosphorus materials."®

Experimental and Theoretical Details

Details of the synthetic procedures and characterization of the molecules
depicted in Figure 1 have already been reported elsewhere.l**! FT-Raman
spectra were recorded by using an FT-Raman accessory kit (FRA/106-S)
of a Bruker Equinox 55 FT-IR interferometer. A continuous wave of a
Nd:YAG laser operating at 1064 nm was employed for excitation. A ger-
manium detector operating at liquid-nitrogen temperature was used.
Raman scattering radiation was collected in a back-scattering configura-
tion using a standard spectral resolution of 4 cm™'. The power of the
laser radiation was always kept lower than 100 mW and 1000-3000 scans
were averaged for each spectrum.

A variable-temperature Specac P/N 21525 cell with interchangeable pairs
of quartz windows was used to record the FT-Raman spectra at different
temperatures. The variable-temperature cell consists of a surrounding
vacuum jacket (0.5 Torr) and combines a refrigerant Dewar and a heating
block as the sample holder. It was also equipped with a copper—constan-
tan thermocouple for temperature monitoring purposes and any tempera-
ture, from —170 to 150°C, could be achieved. Samples were inserted into
the heating block or the Dewar/cell holder assembly as pure solids in a
quartz cell and Raman spectra were recorded after waiting for the
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sample to reach thermal equilibrium, which required 20 min for every in-
crement of 10°C.

Density functional theory (DFT) calculations were carried out using the
Gaussian 98 program on an SGI Origin 2000 supercomputer.!'”’ We used
Becke’s three-parameter exchange functional combined with the LYP
correlation functional (B3LYP).'¥ It has already been shown that the
B3LYP functional yields similar geometries for medium-sized molecules
as MP2 calculations do with the same basis sets.'”) Moreover, the DFT
force fields calculated using the B3LYP functional yield vibrational spec-
tra in very good agreement with experiments.””’ We also made use of the
standard 6-31G** basis set.”!! Optimal geometries were determined on
isolated entities. All geometrical parameters were allowed to vary inde-
pendently. Vertical electronic excitation energies were computed by
using the time-dependent DFT (TDDFT) approach.”>?! For the resulting
ground-state optimized geometries, harmonic vibrational frequencies, and
Raman intensities were calculated numerically using the B3LYP func-
tional. Calculated harmonic vibrational frequencies were uniformly
scaled down by a factor of 0.96 as recommended by Scott and Radom for
the 6-31G** basis set.?®! All quoted theoretical vibrational frequencies
reported are thus scaled values.
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