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A B S T R A C T

Boron dipyrromethene (BODIPY) derivatives are an important class of organic molecular dyes. Their chemical
structure can be easily modified by synthetic methods, introducing various substituent groups on a tricyclic core
that represents the characteristic unit of these compounds. As a consequence, BODIPY optical properties can be
designed to tune their absorption and emission in an especially wide wavelength range. A large amount of
experimental and computational studies has been performed to investigate the electronic excited states of many
structurally different BODIPY dyes. On the other hand, vibrational properties are by far less known for these
compounds. We have therefore measured detailed infrared and Raman spectra of a model compound, namely, a
BODIPY derivative with four methyl groups and a phenyl ring as substituents. The experimental spectra of the
solid sample have been contrasted with ab initio spectra computed at the CAM-B3LYP/6-31G+(d) level. Com-
putations have been performed both for the isolated molecule and including the crystalline environment. In the
latter case, better agreement has been observed. An assignment is proposed for the 123 vibrational modes. These
results form the basis for further spectroscopic studies on complex BODIPY derivatives.

1. Introduction

Research on molecular dyes continuously brings novel and useful
advancements in numerous fields of chemistry and biology. Among
organic molecules, much interest is aroused by the boron dipyrrome-
thene (BODIPY) tricyclic derivatives because of their fundamental and
technological relevance [1,2]. Chemical modifications are more easily
feasible in BODIPY dyes than in many other classes of organic molecules
[3,4]. BODIPY dyes display favorable optical properties: their absorp-
tion and emission bands can be tuned in an extended wavelength range –
even in the infrared (IR) region [5–7]. Moreover, the emission quantum
yield from the lowest excited electronic state approaches unity in many
BODIPY derivatives [8]. The favorable properties of BODIPY fluo-
rophores – including the related aza-BODIPY dyes [9,10] – have been
well assessed in years of analytical and bioanalytical studies [11,12]. On
the other hand, the excited state dynamics of these dyes can be changed
by chemical modifications in order to increase alternative, non-radiative

relaxation pathways [13,14]. This strategy has been employed to project
BODIPY-based drugs for photothermal and photodynamic therapy [15,
16].

Besides fluorescence imaging, resonance Raman (RR) can be
exploited for biomedical imaging as a diagnostic tool. In fact - while
advantageous from many points of view - fluorescence is not a universal
property of probe molecules. Besides the variability of quantum yield,
the dependence on excitation wavelength may become an issue. On the
other hand, the information content of Raman spectra is more extended
than that associated to fluorescence spectra, as vibrational spectra are
more detailed than electronic ones [17]. For this reason, the number of
Raman reporter molecules, assisting fluorescent molecular probes in
analysis and imaging, is steadily growing [18–21]. Versatility in bio-
analytical applications can be added by surface enhanced Raman spec-
troscopy [22,23].

Notwithstanding the importance of BODIPY dyes, the vibrational
characteristics of their ground state – and vibronic properties of their
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excited states in consequence – are overlooked to a large extent. One of
the reasons for the data insufficiency is connected to the high fluores-
cence yield that often makes the measurement of Raman spectra un-
practical. In addition, the number of atoms of the tricyclic core and of
the side substituents increases the nuclear degrees of freedom and
complicates the description of vibrational modes. In an attempt to face
these issues, we have considered 1,3,5,7-tetramethyl-8-phenyl-4,4-
difluoroboradiazaindacene (PhPM) as a model molecule for this class
of compounds. Fig. 1 shows the chemical formula of this molecule. It
consists of a tricyclic core substituted by four methyl groups and a
phenyl ring. PhPM is so representative of the BODIPY dyes that its
electronic spectra are reported as introductory to the excited state
properties of this class of compounds [24]. Moreover, it has been
described as a fluorescent probe in a targeted investigation about fibril
formation by a dipeptide [25]. PhPM derivatives have been employed as
investigative tools to study the aggregation of an amyloid polypeptide
[26].

In the present article, both experimental and computed vibrational
spectra of PhPM are presented and discussed in detail. From the theo-
retical point of view, this molecule has been simulated both isolated and
including the crystalline environment, thanks to a recently developed
electrostatic embedding protocol, enabling to consider the effect of the
condensed phase on local properties [27,28]. By comparing the
computed and observed spectra, the vibrational assignment has been
performed, enabling a fine description of the vibrational signature of
this model compound.

2. Materials and methods

2.1. Spectroscopy

PhPM (purity 97 %) has been purchased by Sigma Aldrich. KBr
(purity 99 %) has been purchased by Merck. IR spectra of PhPM have
been measured as KBr pellet solid sample, with a Shimadzu IR Affinity-
1S FTIR spectrometer. The Raman spectrum has been measured on KBr
pellet with a Multiram Bruker interferometer equipped with 1064 nm
excitation wavelength, a resolution 2 cm− 1, 30 mW excitation power
and acquiring 2000 scans.

2.2. Computational procedure

Density Functional Theory (DFT) has been applied both at the mo-
lecular and periodic level in order to simulate the structural properties of
PhPM. With the aim of making these results a first step towards the
understanding of ground to excited states vibronic coupling, we have
applied an exchange and correlation functional, namely the range-
separated hybrid CAM-B3LYP [29], which provides a reliable descrip-
tion of both ground and excited states of local and charge-transfer
character [30,31]. Structural optimization of the isolated PhPM mole-
cule has been performed by means of the Gaussian code [32] using the
6-31+G(d) basis set and has been followed by a harmonic frequencies
calculation. These results are those considered in the discussion of the
isolated molecule vibrational spectra.

The challenging task of simulating the effects of the local environ-
ment in the aggregated (crystalline) phase has been achieved by means
of periodic DFT calculations, performed with CRYSTAL17 code [33,34],
combined with calculations on a PhPM molecule embedded in the
crystalline environment.

Periodic calculations have been performed starting from the crystal
structure available for the PhPM molecule [35]. Experimentally, the
PhPM molecule crystallizes in the Pbca space group. Both cell parame-
ters and atomic positions have been optimized using the default
convergence criteria of CRYSTAL17 for both self-consistent procedure
and geometry optimizations (i.e. forces and displacements) using the
B3LYP functional with empirical dispersion corrections. These periodic
calculations have been performed using a 6-31G+(d) basis set optimized
for organic materials in solid state [36].

A minimal representation of the crystal structure has been achieved
by using the Ewald embedding procedure starting from the optimized
periodic structure, with the aim of reducing the complexity of the final
model as much as possible [27,28,37,38]. The information about the
crystalline environment is encoded in a distribution of point charges
able to reproduce the most relevant, i.e. electrostatic, effect. The ideal
infinite lattice is actually reduced to a finite-sized volume populated by
the point charges located at the crystal atomic positions. The system is
partitioned into three concentric regions. The central region – zone I -
contains the spectroscopically relevant system (i.e. a single PhPM
molecule) and it is surrounded by a minimal model of the crystal lattice
built from the Hirschfeld charges of each atom obtained from a popu-
lation analysis performed with CRYSTAL17. The size of this region -
zone II - can be controlled to adjust the embedding. The third region -
zone III - surrounds the two previous ones and is populated by charges
placed again according to lattice positions, whose value is fit in order to
yield the Ewald potential of the infinite crystal in zone I and zone II. In
our simulations 9245 fixed Hirschfeld charges have been used in zone II
while 197112 charges have been fitted in zone III. The quality of the
charge-fitting has been checked by calculating the root-mean square
deviations between the direct Coulomb sum potential and the exact
Ewald potential for 1000 sites randomly chosen in zone I and zone II. In
our case, a mean root-mean square value of 1.6 μV has been obtained,
thus allowing to evaluate the good accuracy of the embedding
procedure.

Optimization and vibrational frequency of the aforementioned
model (embedded molecule) have been next carried out with
Gaussian16 [32] using the CAM-B3LYP functional and the 6-31G+(d)
basis. Although harmonic vibrational frequencies can also be directly
computed for the fully periodic system using the CRYSTAL17 code, the
embedded cluster procedure has been preferred and applied since it is
computationally less demanding and can be extended straightforwardly
to the description of vibrational properties at the excited state.

For comparison with the experimental data, Raman intensities have
been obtained from the computed Raman activities, using the relation-
ship [39–41]:Fig. 1. Schematic structure of PhPM (CAS number: 194235-40-0) and corre-

sponding labelling scheme. Methyl substituents are located at the 1, 3, 5, and 7
positions and a phenyl substituent at the 8 (meso) position.
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Ii =
f( ν0 − νi)4Ai

νi
[

1 − exp
(

− hc νi
kBT

)]

where Ii and Ai are the intensity and activity of the vibrational mode i,
respectively; ν 0 is the exciting wavenumber (9398.5 cm− 1); ν i is the
vibrational wavenumber of the i-th normal mode (in cm− 1); h, c, and kB
are fundamental constants, and f is a normalization factor for all peak
intensities. Temperature effects have been considered setting T =

298.15 K. The calculated spectra have been reported by assigning to
each normal mode a Lorentzian shape with a 10 cm− 1 full width at half-
maximum. The vibrational wavenumbers have been scaled by a 0.955
factor, matching the experimental wavenumber at 1434 cm− 1 [42].
Finally, for comparison with the experimental IR spectrum, the calcu-
lated intensities, that scale with the natural logarithmic absorbance,
have been converted to decadic logarithmic absorbance and then to %
transmittance considering the usual exponential relation.

The assignment of the normal modes has been performed by in-
spection of the corresponding atomic displacements visualized using the
GaussView software [32].

3. Results and discussion

3.1. Calculated structural properties of PhPM

The structural optimization performed on the PhPM isolated mole-
cule indicates the C2v geometry as the most stable (i.e. all vibrational
frequencies are real [43]). The structure of PhPM is characterized by the

planarity of the tricyclic core and by the typical alternating single/-
double C–C bond lengths in the pyrrole rings, as shown in Table 1. The
structural parameters calculated on the isolated molecule are presented
and compared with the experimental values obtained by X-ray diffrac-
tion [35]. Most structural features are common to other BODIPY dyes
[44–46].

The presence at 8 position of the phenyl substituent does not affect
the planarity of the tricyclic core of the isolated molecule, the phenyl
ring being oriented perpendicularly to the skeleton backbone, as shown
in the left panel of Fig. 2.

In the structure calculated for the embedded molecule, the tricyclic
core is slightly distorted from planarity and the phenyl substituent is
tilted by 77.2◦ with respect to the mean molecular plane as shown in the
right panel of Fig. 2. These features lower the molecular symmetry and
are in agreement with the observed crystal structure. We note that both
the non-planarity of the crystal molecular unit and the variation of the
phenyl tilt angle can only be correctly reproduced when the crystalline
environment is included in our model.

3.2. Calculated vibrational spectra of PhPM

The PhPM molecule numbers 43 atoms. Therefore, 123 normal
modes of vibration can be calculated, all of them potentially giving rise
to both Raman and IR bands. In fact, the preceding section shows that
the molecular symmetry is lowered for PhPM in the environment of the
crystal. Therefore, a high degree of correspondence can be expected
between the Raman and IR spectra of PhPM solids. In both measure-
ments, crowded vibrational spectra are foreseen with relative intensities
depending on the spectroscopic method.

It is useful to compare the spectra computed for both the isolated and
the embedded molecule, before considering the relationship with the
experimental spectra. The computed spectral data is shown in Figs. 3
and 4, in the form of bar graphs, while the numeric entries are reported
in Table SM 1 in the Supplementary Materials section. This choice is
potentially useful to benchmark the experimental spectra that will be
shown in Subsection 3.3. An overall issue is the correspondence between
the bands that are calculated in the case of isolated and embedded
molecule. A first approach consists in tracing this correspondence
through wavenumber and intensity similarities. To deepen the infor-
mation that can be extracted by the calculations, we examined the mode
composition by visual inspection of normal modes associated with each
vibration. With a limited number of exceptions, we could track the
vibrational modes that are common to PhPM in both environments. The
wavenumber difference is generally small, namely, it does not exceed 2
% if only the region above 150 cm− 1 is considered. The intensity is
partially redistributed in both IR and Raman sets, although the overall
intensity distribution of the spectra is not deeply changed by the
embedding procedure. In agreement with symmetry lowering, a number
of modes that are forbidden for the isolated molecule, namely, the A2
modes in the IR spectra (e.g., those at 797 and 842 cm− 1), become
allowed for the embedded molecule. These results are in line with pre-
vious calculations of vibrational spectra performed with related
embedding methods in solutions [47] and molecular crystals [48]. As
already stated, embedding does not deeply alter the spectra. The most
representative changes in the lower-frequency region of the computed
Raman spectra in Fig. 3 are the activity enhancement of the 366/400
cm− 1 pair and that of the bands at 797 and 842 cm− 1 (isolated molecule
wavenumbers). More subtle changes can only be detected by a com-
parison between computed and experimental spectra, as it will be shown
in the following. In the higher-frequency region, the activity of the 1119,
1416 and 1435 cm− 1 bands is significantly increased. Spectral conges-
tion makes other changes less clear, especially above 2900 cm− 1.

Significant spectral changes are brought by the embedding proced-
ure in the computed IR spectra shown in Fig. 4. The intense band at
1062 cm− 1 in the isolated molecule is shifted to 1046 cm− 1. Band
multiplicity is especially increased around 800 cm− 1 and between 1400

Table 1
– Calculated bond lengths (Ångström) and angles (degree, absolute values) of
isolated PhPM and of PhPM in crystals. Experimental crystallographic data from
the Supplementary files of Ref. [35] are also reported for comparison. Atomic
numbering refers to Fig. 1.

Bonds and
angles

Computed,
isolated

Computed,
embedded

Experimental, X-ray
[35]

C1–C2 1.386 1.385 1.377
C2–C3 1.406 1.407 1.389
C3–N3a 1.339 1.340 1.348
N3a-C8a 1.398 1.401 1.403
N3a-B4 1.547 1.547 1.540
B4–N4a 1.547 1.542 1.546
N4a-C5 1.339 1.343 1.348
C5–C6 1.406 1.404 1.391
C6–C7 1.386 1.389 1.376
C7–C7a 1.428 1.425 1.420
C7a-N4a 1.398 1.400 1.399
C7a-C8 1.398 1.401 1.401
C8–C8a 1.398 1.398 1.394
C8a-C1 1.428 1.429 1.423
1-2-3 108.5 108.6 109.1
2-3-3a 109.0 109.0 108.8
3-3a-4 125.6 126.1 126.3
3a-4-4a 106.8 107.3 106.7
4-4a-5 125.6 125.7 126.3
4a-5-6 109.0 108.9 108.8
5-6-7 108.5 108.6 109.6
6-7-7a 106.0 105.9 105.6
7-7a-8 131.9 131.8 131.7
7a-8-8a 121.2 121.0 121.0
8-8a-1 131.9 131.7 131.8
1-2-3-3a 180.0 179.6 179.5
2-3-3a-4 180.0 174.5 176.0
3-3a-4-4a 180.0 178.9 179.8
3a-4-4a-5 180.0 177.1 177.7
4-4a-5-6 180.0 177.4 175.9
4a-5-6-7 180.0 179.8 179.9
5-6-7-7a 180.0 179.5 179.1
6-7-7a-8 180.0 179.9 177.7
7-7a-8-1 180.0 178.2 177.6
phenyl tilt 90.0 77.2 85.3

A. Feis et al.
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Fig. 2. – Schematic representation of the optimized structure of PhPM as isolated molecule (left) and in the crystalline environment (right). Selected bond lengths (in
Å) are indicated together with two reference axes.

Fig. 3. – Computed Raman spectra of (a) isolated and (b) embedded PhPM. The data is extracted from Table SM 1 in order to facilitate the comparison. Please note
that the activity of some bands does not fit into the ordinate scale. For these modes the activity is indicated as numbers above their peaks.
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and 1650 cm− 1. The region beyond 2900 cm− 1 is characterized by
minimal wavenumber differences between the bands of isolated and
embedded molecule. The intensity, though, is largely redistributed. For
clarity, in Figure SM 1 a graphic representation of the most intense
vibrational modes is given.

3.3. Experimental Raman and IR spectra of PhPM

The experimental Raman spectrum of solid PhPM is shown in Fig. 5
together with the corresponding IR spectrum. The Raman spectrum is
dominated by the two most intense bands at 428 and 1434 cm− 1. In
addition, a large number of medium intensity bands are observed in the
wavenumber region between 900 and 1700 cm− 1. They often appear as
due to the superposition of more than one band as in the case of the
doublets 1184/1196, 1464/1474, 1513/1519 and 1537/1545 cm− 1, or
in the case of the multiplet around 1380 cm− 1. In this spectral region,

the highest observed wavenumber is 1605 cm− 1. Below 1000 cm− 1 the
average intensity decreases, whereas the Raman spectrum maintains its
crowded appearance. Around 980 cm− 1, three overlapping bands are
found at 984, 1000 and 1007 cm− 1. Sharp peaks are observed at 235,
477, 728, and 954 cm− 1, and doublets of comparable intensity at 780/
788 and 585/600 cm− 1. Finally, two groups of bands are found in the
high frequency region, namely, the doublet at 2929/2969 cm− 1 and the
weaker band group beyond 3000 cm− 1. The available instrumentation
allowed us to detect a total amount of 75 Raman bands.

We turn now to the IR spectrum. Many of the low-intensity Raman
bands are prominent in the IR spectrum, as in the case of the 721 and
1154 cm− 1 bands. Moreover, the 972/980 cm− 1 doublet and the one at
1184/1196 cm− 1 dominate the intermediate wavenumber range
together with strong bands at 1304, 1508, and 1539/1545 cm− 1. The IR
intensity in the high frequency region is very weak. It is possible,
though, to detect at least eight bands. In conclusion, the experimental

Fig. 4. – Computed IR spectra of (a) isolated and (b) embedded PhPM. The data is extracted from Table SM 1 in order to facilitate the comparison. Please note that
the intensity of some bands does not fit into the ordinate scale. For these modes the intensity is indicated as numbers above their peaks.

A. Feis et al.
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data includes 86 vibrational bands if we consider both methods jointly.
This compares favorably with the 123 predicted modes.

3.4. Vibrational assignment

Figs. 6 and 7 show the comparison between the experimental and
calculated Raman spectra and that between the experimental and
calculated IR spectra, respectively. Only the calculated spectra of the
embedded molecule are displayed in these figures for clarity. There are
two reasons for this choice. First, the experimental work was performed
on crystalline samples, that are described by the embedding procedure
more realistically. Moreover, as it will be explained in the detailed
description, some features of the experimental spectra are only repro-
duced by the calculations performed for the embedded molecule. A
general agreement in the band positions is observed when the appro-
priate scaling factor for wavenumbers is considered. Moreover, the
calculated intensities, obtained as reported in Subsection 2.2, fit the
experimental spectra to a large extent.

The comparison between experimental and computed spectra is
displayed in Table 2, where an approximate mode description is also
given. The region below 900 cm− 1 is dominated by several torsional
modes of the tricyclic core. In fact, more than ten Raman bands -
experimentally observed and computationally predicted - receive a
strong contribution from this kind of motion. The assignment accords
with that proposed for an unsubstituted BODIPY dye [49]. In this region,
additional torsional modes involve the five side groups: ten Raman
bands correspond to modes involving the phenyl ring, whereas four
low-frequency Raman bands are related to methyl torsions. All these
mentioned bands are detected in the experimental Raman spectra
notwithstanding their weak intensity. The intense IR band at 721 cm− 1

is equally assigned to a phenyl torsion mode. A group of intense Raman
bands involves methyl bending displacements, namely, the bands
observed at 260, 428, 477 (possibly related to the same bending mode
giving rise to the strong IR band observed at 475 cm− 1) and 600 cm− 1.
Bending of the BF2 moiety also contributes to medium-intensity Raman
bands in this region, namely, those at 328, 504 and 585 cm− 1. Besides

Fig. 5. Upper panels: Raman spectrum of solid (KBr pellet) PhPM. Excitation wavelength 1064 nm. Lower panels: IR transmittance spectrum of PhPM as KBr pellet
solid sample.

A. Feis et al.
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torsion and bending modes, some stretching modes are proposed in the
assignment of the bands below 900 cm− 1. These modes (e.g., the one
predicted at 762 cm− 1) include displacements of the tricyclic core
nuclei, including B and N, as well as CC stretching of the side methyl and
phenyl groups. Some of them originate intense Raman bands: an
outstanding example is that of the band at 428 cm− 1 (experimental
wavenumber). A group of six bands is predicted to be enhanced only for
embedded molecules, e.g., the bands observed at 378 and 408 cm− 1. The
intensity enhancement related to embedding is marked by arrows in
Figs. 6 and 7.

The range between 900 and 1700 cm− 1 displays additional
complexity in the assignment, due to the large number of nuclear
displacement contributions. Many normal modes involve bending of
various CCH angles: this feature is common to many hydrocarbon
molecules. More specific to PhPM is the BF stretching mode, that con-
tributes to the calculated band doublet at 938 and 959 cm− 1. These two
bands can be detected both in the Raman spectrum at 954 and 970 cm− 1

and in the IR spectrum at 953 and 972 cm− 1. Several stretching modes
are spread on the tricyclic core and can be related to intense bands, for
instance, the very strong one predicted at 1303 cm− 1 – observed at 1309
cm− 1 in the Raman spectrum and at 1304 cm− 1 in the IR spectrum – as
well as to many bands in the 1200–1550 cm− 1 range. In a few cases
(namely, the bands predicted at 983, 1067, 1270, and 1590/1615 cm− 1)

CC stretching modes are localized on the phenyl substituent instead. The
intensity enhancement due to embedding is apparent for seven Raman
bands and five IR bands in this range.

The 2900–3200 cm− 1 range is assigned to manifold CH stretching
modes. They can be qualitatively grouped into H atom displacements of
the four methyl groups, of the phenyl ring, and of the two methine
groups, in order of ascending wavenumber.

The Raman and IR spectra lead to a detailed description of the
vibrational structure of the electronic ground state of this model mole-
cule that significantly represents the large BODIPY dyes family. For
instance, we assign the band predicted at 469 cm− 1 to a mainly bending
mode of the ring nuclei. The important role in vibronic coupling through
a closely related vibration has been highlighted in the two-dimensional
electronic spectra of a similar BODIPY dye [50], that bears a propionyl
group in place of the phenyl ring of PhPM. The calculations previously
performed for a tetramethyl BODIPY dye, equally missing the phenyl
ring, yield very similar wavenumbers as in our case [51]. The compar-
ison does not concern spectral intensities, as they are not quoted. On the
other hand, the distribution among symmetry species of the C2v group
favorably compares with the prediction we present in Table SM 1 for the
isolated PhPM molecule. Finally, we observe that the assignment we
propose for PhPM can be related to an important recent investigation on
RR spectroscopy and excited-state dynamics in a similar BODIPY dye

Fig. 6. – Calculated Raman spectrum of the embedded PhPM molecule and
experimental Raman spectrum of solid PhPM in KBr pellet from Fig. 5. The
arrows mark those bands that are enhanced according to the calculated in-
tensities for embedded molecules.

Fig. 7. – Calculated IR spectrum of the embedded PhPM molecule and exper-
imental IR spectrum of solid PhPM from Fig. 5. The arrows mark those bands
that are enhanced according to the calculated intensities for
embedded molecules.

A. Feis et al.
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Table 2
– Experimental and calculated vibrational wavenumbers (cm− 1) of PhPM,
together with calculated IR intensities (IIR, km mol− 1) and Raman activities (IR,
Å4 amu− 1). The approximate mode description is also indicated. Abbreviations:
τ, torsion; δ, bending; ν, stretching; ip, in plane; sym, symmetric; asym, asym-
metric; Cn indicates the C atoms numbered as in Fig. 1; Cmet labels the C atom of
the methyl groups; “ring” indicates modes of the tricyclic core. In parenthesis,
calculated data referred to the isolated PhPM molecule are also reported.

PhPM
experimental IR
and Raman
wavenumbers

Embedded PhPM: calculated wavenumbers, IR intensities and
Raman activities

IR Raman ν IIR IR Approximate mode
description

169 141
(141)

0.8 (1.0) 0.95 (0.5) τ (C C Cmet H)

178 164
(160)

0.1 (0.3) 0.7 (1.0) δ (CNB)
δ (CCC)

194 186
(186)

3.9 (2.4) 0.4 (0.4) τ (ring CCCC)
τ (C C Cmet H)

207 194
(197)

0.0 (0.0) 3.6 (4.0) τ (C C Cmet H)

216 203
(205)

0.6 (0.7) 0.5 (1.0) τ (C C Cmet H)

235 220
(221)

4.1 (4.4) 2.6 (2.7) δ (ring CCC)

223
(218)

3.0 (1.4) 0.7 (0.8) τ (phenyl CCCC)
δ (CNB)

260 241
(241)

0.2 (0.2) 13.0
(14.0)

δ (C C Cmet)

272 262
(257)

0.6 (0.2) 1.2 (0.2) τ (phenyl CCCC)

297 279
(277)

13.1
(10.5)

4.5 (5.0) δ (C C Cmet)

314 304
(304)

2.6 (4.5) 2.3 (3.2) δ (N C Cmet)
ν (NB)

306
(308)

1.2 (0.0) 3.0 (0.5) τ (ring CCCC)

328 313
(309)

3.5 (3.5) 2.1 (2.0) δ (FBF)

364
(364)

0.7 (1.0) 1.2 (1.5) τ (ring CCCC)
τ (CCCN)

378 372
(366)

0.1 (0.0) 1.5 (0.0) τ (CCNB)
τ (ring CCCH)

408 404
(400)

0.2 (0.0) 2.2 (0.1) τ (phenyl CCCH)

428 418
(419)

0.6 (1.2) 43.2
(44.6)

ν (BN)
δ (C C Cmet)

454
(452)

1.1 (0.1) 1.0 (0.3) τ (CNBN)
τ (CCNB)

475 477 469
(471)

39.4
(32.0)

10.8
(10.0)

δ (C C Cmet) ip
δ (NCC)
δ (CNB)

501 504 491
(492)

2.9 (3.8) 1.4 (1.5) δ (FBF)
δ (C C Cmet)

509 509 498
(498)

1.9 (1.7) 2.2 (2.1) τ (ring CCCC)
τ (phenyl CCCH)

585 565
(568)

2.4 (0.4) 10.6
(13.1)

ν (C–CH3)
δ (FBF)
δ (NBN)

580 569
(568)

4.5 (7.2) 2.7 (2.5) ν (C–CH3)
δ (ring CCC)

600 582
(582)

0.1 (0.0) 10.6 (9.8) ν (C–CH3)
δ (C C Cmet)
δ (CCN)

604 597
(596)

1.8 (1.5) 1.4 (0.2) τ (CCCN)

625 628 619
(619)

1.5 (1.9) 3.1 (2.8) τ (CCCN)
δ (phenyl CCC)

637 638 626
(628)

7.3 (5.4) 3.4 (3.4) δ (phenyl CCC)
δ (ring CCC)

644 644 643
(641)

0.4 (0.0) 2.9 (2.1) τ (CCCN)
τ (ring CCCC)

662 662 658
(657)

1.3 (1.4) 1.1 (0.5) τ (CCNB)
τ (CCCN)

Table 2 (continued )

PhPM
experimental IR
and Raman
wavenumbers

Embedded PhPM: calculated wavenumbers, IR intensities and
Raman activities

IR Raman ν IIR IR Approximate mode
description

699 699 679
(676)

0.2 (0.0) 2.0 (1.3) τ (CCNB)
τ (CCCN)

728 686
(684)

0.4 (0.2) 6.7 (4.3) τ (ring CCCH)
τ (phenyl CCCC)

721 718
(712)

112.1
(121.5)

10.2 (9.0) τ (phenyl CCCH)

756 757 748
(743)

0.3 (0.0) 1.7 (1.8) τ (CCCN)

778 780 762
(766)

6.1 (3.6) 4.0 (4.1) ν (phenyl CC)
ν (BF)
ν (C–CH3)
δ (phenyl CCC)

788 777
(772)

5.0 (1.0) 7.7 (8.0) τ (ring CCCC)
τ (phenyl CCCH)

809 807 798
(797)

17.3 (0.0) 2.6 (3.0) τ (ring CCCH)

817 820 802
(799)

30.7
(44.6)

1.3 (0.3) τ (ring CCCH)

834 836 832
(828)

13.1
(24.0)

42.9
(45.5)

ν (BN)
ν (ring CC)

845 847 849
(842)

0.7 (0.0) 1.4 (0.0) τ (phenyl CCCH)
τ (phenyl HCCH)

888 888 881
(879)

0.6 (1.1) 6.1 (4.9) τ (phenyl CCCH)
ν (ring CC)

923 925 924
(921)

1.3 (2.3) 0.4 (0.3) τ (phenyl CCCH)

953 954 938
(941)

14.2 (3.4) 12.3
(14.4)

ν (BF)
δ (ring CCC)
δ (FBF)

972 970 959
(962)

117.3
(104.6)

0.7 (1.3) ν (BF)
δ (FBF)

980 984 969
(972)

268.0
(218.3)

41.3
(21.1)

δ (C Cmet H)

971
(965)

6.6 (0.0) 0.9 (0.0) τ (phenyl HCCH)

977
(984)

33.4
(60.5)

10.3
(15.1)

δ (ring CCH)

978
(983)

43.0 (6.1) 12.7
(26.7)

δ (ring CCH)

1000 983
(983)

2.7 (2.6) 35.5
(33.6)

ν (phenyl CC)
δ (phenyl CCC)

999
(984)

0.1 (8.8) 0.4 (1.1) τ (phenyl HCCH)

1033 1036 1020
(1021)

64.8
(33.0)

9.5 (20.6) ν (phenyl CC)
δ (phenyl CCH)

1021
(1028)

42.9 (0.3) 7.5 (0.0) ν (BF)
δ (C Cmet H)

1024 1025 1027
(1028)

4.7 (0.0) 2.9 (1.4) τ (CCCH)

1054 1054 1029
(1029)

10.6
(13.4)

6.2 (0.2) δ(C Cmet H)

1031
(1032)

4.0 (0.0) 0.9 (3.0) τ (CCCH)

1063 1038
(1043)

59.0
(106.7)

1.6 (1.0) δ(C Cmet H)

1073 1046
(1062)

170.5
(226.6)

0.3 (0.2) δ (C Cmet H)
ν (BF)
τ (BNCC7)

1090 1089 1067
(1069)

3.6 (1.7) 0.3 (0.1) ν (phenyl CC)
δ (phenyl CCH)

1082 1082 1075
(1078)

67.7
(53.9)

65.9
(67.1)

ν (BN)
ν (C–CH3)

1108
1120 1122 1116

(1119)
60.7
(120.9)

14.5 (7.4) ν (BN)
ν (CN)
ν (CC)

1128 1145
(1142)

1.3 (0.0) 2.4 (2.5) δ (phenyl CCH)
ν (phenyl CC)

1154 1153 1148
(1150)

153.9
(162.0)

13.9
(17.8)

δ (ring CCH)

(continued on next page)
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[52,53], that presents two ethyl substituents at the positions 2 and 6.

4. Conclusions

Both Raman and IR spectra have been measured and adequately
computed for the model molecule PhPM. We have learnt that environ-
mental effects should be included via an embedding procedure in the
calculation to reach a better agreement with the experimental spectra in
the solid state. Vibrational assignment shows that most modes are
largely delocalized on the whole molecule. The impact of this descrip-
tion extends beyond the significance of PhPM, as the number of BODIPY
molecules is steadily increasing. It can be foreseen that Raman reporters
(i.e., molecules with intense Raman bands and tolerable fluorescence
background) will be growingly demanded, especially for imaging ap-
plications in the near-infrared range [54].

Table 2 (continued )

PhPM
experimental IR
and Raman
wavenumbers

Embedded PhPM: calculated wavenumbers, IR intensities and
Raman activities

IR Raman ν IIR IR Approximate mode
description

1169 1160
(1161)

39.4
(15.6)

4.9 (1.4) δ (ring CCH)

1158 1165
(1165)

0.0 (0.0) 4.0 (4.6) δ (phenyl CCH)

1184 1184 1172
(1173)

16.8
(13.2)

4.3 (2.4) δ (phenyl CCH)

1196 1196 1191
(1186)

683.3
(805.4)

91.0
(104.8)

ν (CN)
ν (BN)
δ (C Cmet H)

1231
1262 1262 1244

(1249)
58.8
(42.7)

44.3
(36.2)

ν (CN)
ν (C8-phenyl C)
ν (BN)
δ (phenyl CCH)

1253 1255 1270
(1270)

7.0 (0.0) 3.3 (0.7) ν (phenyl CC)
δ (phenyl CCH)

1304 1309 1303
(1305)

304.9
(351.4)

210.1
(188.2)

ν (CC)
ν (CN)

1340 1340 1310
(1310)

4.7 (0.8) 4.7 (0.4) δ (phenyl CCH)

1369 1367
(1366)

146.3
(144.5)

4.4 (3.3) ν (CN)
ν (CC)
δ (ring CCH)
δ (H Cmet H)

1361 1361 1370
(1375)

5.1 (1.3) 19.3
(17.1)

ν (CC)
δ (C Cmet H)

1378 1377 1378
(1375)

0.8 (7.6) 28.5 (3.4) δ (H CmetH)

1400 1384 1386
(1384)

2.8 (0.3) 32.1
(29.4)

δ (H CmetH)
δ (C Cmet H)

1388
(1387)

2.2 (2.4) 4.4 (28.2) δ (H CmetH)

1394
(1389)

27.2 (7.3) 56.9
(47.8)

δ (H CmetH)

1409 1414
(1416)

200.3
(276.0)

51.7 (4.1) ν (CN)
δ (H CmetH)

1414 1419
(1415)

74.0
(82.6)

66.0
(22.5)

δ (H CmetH)

1434 1433
(1433)

3.5 (0.0) 239.7
(404.9)

ν (CCmet)
δ (H CmetH)
τ (C C Cmet H)
τ (N C Cmet H)

1436 1433
(1437)

21.8 (0.0) 18.7
(14.5)

δ (H CmetH)

1434
(1435)

3.4 (2.2) 70.3 (1.3) δ (phenyl CCH)
ν (phenyl CC)

1444 1442
(1438)

22.6
(12.7)

9.9 (10.2) δ (H CmetH)

1445
(1447)

32.5 (0.0) 7.7 (14.5) δ (H CmetH)

1447
(1447)

32.4
(35.8)

25.7 (4.3) δ (H CmetH)

1464 1464 1451
(1452)

98.5
(18.9)

44.8 (1.0) δ (H CmetH)

1472 1474 1459
(1463)

87.6 (0.6) 129.9
(75.7)

δ (H CmetH)

1463
(1472)

123.1
(100.5)

47.2
(43.0)

δ (H CmetH)
ν (CC)

1494 1494 1472
(1473)

130.0
(168.9)

50.0
(59.0)

δ (H CmetH)
ν (CC)

1487
(1487)

3.0 (0.1) 8.8 (6.2) δ (phenyl CCH)

1519 1519
(1521)

19.8
(24.1)

22.5
(13.6)

ν (CC)
δ (ring CCH)
δ (phenyl CCH)

1508 1513 1522
(1525)

661.4
(761.8)

69.2
(66.7)

ν (CN)
ν (CC)
ν (CCmet)
δ (ring CCH)

Table 2 (continued )

PhPM
experimental IR
and Raman
wavenumbers

Embedded PhPM: calculated wavenumbers, IR intensities and
Raman activities

IR Raman ν IIR IR Approximate mode
description

1545 1545 1543
(1547)

537.2
(475.7)

199.7
(237.1)

ν (CC)

1539 1537 1549
(1549)

86.7
(102.8)

63.8
(41.2)

ν (CN)
ν (CC)
δ (ring CCH)

1605 1590
(1591)

5.9 (0.8) 7.3 (8.4) ν (phenyl CC)
δ (phenyl CCH)

1605 1615
(1619)

0.1 (1.3) 67.2
(47.7)

ν (phenyl CC)
δ (phenyl CCH)

2924
2966
2984

2929
2969

2935
(2947)

6.1 (23.3) 509.1
(46.9)

ν (Cmet-H) asym

2949
(2947)

17.6
(25.2)

120.7
(377.8)

ν (Cmet-H) sym

2950
(2949)

17.0
(18.6)

351.1
(168.3)

ν (Cmet-H) asym

2956
(2950)

11.2
(10.8)

383.6
(620.4)

ν (Cmet-H) sym

2986
(3007)

5.5 (0.0) 136.3
(4.9)

ν (Cmet-H)

3007
(3008)

10.6
(12.8)

68.7
(65.0)

ν (Cmet-H)

3010
(3012)

16.7 (0.0) 57.1
(12.1)

ν (Cmet-H)

3017
(3012)

3.5 (2.4) 75.3
(130.8)

ν (Cmet-H)

3022
(3013)

13.8
(43.1)

55.6 (0.0) ν (Cmet-H)

3030
(3013)

9.0 (1.7) 47.3
(146.7)

ν (Cmet-H)

3036
(3028)

14.1
(28.2)

64.3 (2.1) ν (Cmet-H)

3062
(3028)

3.9 (2.3) 40.6
(122.6)

ν (Cmet-H)

3027
3065
3082

3056
3065
3084

3058
(3063)

0.7 (1.5) 51.8 (9.3) ν (phenyl CH)

3069
(3067)

1.9 (0.2) 37.5
(91.1)

ν (phenyl CH)

3073
(3075)

4.2 (6.9) 98.5
(94.7)

ν (phenyl CH)

3085
(3082)

6.4 (15.7) 75.1
(38.3)

ν (phenyl CH)

3097
(3091)

7.2 (14.1) 294.2
(349.2)

ν (phenyl CH)

3090 3092 3115
(3121)

9.5 (16.2) 168.2
(8.0)

ν (ring CH) asym

3100 3101 3116
(3121)

9.6 (0.3) 248.2
(410.3)

ν (ring CH) sym
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