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a  b  s  t  r  a  c  t

Raman  and  photoacoustic  (PA)  infrared  spectra  of  fluorene  and  four  derivatives  (2,3-benzofluorene,
2-methylfluorene,  2-ethylfluorene  and  1,8-dimethylfluorene)  were  recorded  and  analyzed  in this  investi-
gation.  Mid- and  far-infrared  PA  spectra  were  examined  from  about  2000 to 100  cm−1. The  Raman  spectra
spanned  the  same  wavenumber  range.  Observed  bands  in both  PA and  Raman  spectra  were compared
with  DFT (harmonic)  and variational  (anharmonic)  calculations,  and  with  published  spectra.  The  DFT
eywords:
aman spectroscopy
hotoacoustic infrared spectroscopy
romatic hydrocarbons
FT calculations

calculations  provided  single-molecule  frequencies,  whereas  the  variational  method  yielded  results  for
both monomeric  and dimeric  species.  Many  previously  unknown  bands,  including  numerous  features
due  to  combination  and  overtone  transitions,  were  identified  and  assigned  in this  work.

Crown Copyright  © 2014  Published  by Elsevier  B.V.  All  rights  reserved.
ariational calculations

. Introduction

Photoacoustic (PA) infrared spectra of tetracene (C18H12), pen-
acene (C22H14), perylene (C20H12) and pyrene (C16H10) were
ecently obtained in our laboratory and interpreted in light of den-
ity functional theory (DFT) calculations [1,2]. The “fingerprint”
nd far-infrared regions (together, approximately 2000–80 cm−1)
ere studied in detail in these investigations. In addition to the
redicted infrared-active bands, the PA spectra of these hydrocar-
ons display many features due to overtones and combinations.
oreover, numerous Raman-active (gerade) vibrations also give

ise to bands in the PA spectra, which thus convey considerable
nformation regarding the structures of these compounds.

Vibrational spectra of these, and related similar, aromatic hydro-
arbons are important in two quite different contexts and both
ontexts motivate the present work. The first, relevant to the
tilization of certain hydrocarbon feed stocks, is the need for char-

cterization of asphaltenes. These complex and highly aromatic
pecies arise in numerous hydrocarbon resources and are partic-
larly abundant in bitumen derived from oil sands, heavy oils,
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E-mail addresses: Kirk.Michaelian@NRCan-RNCan.gc.ca, michaeli@nrcan.gc.ca
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and similar substances. While asphaltenes are generally believed
to consist of extended aromatic ring systems, aliphatic chains,
and heteroatoms (sulphur, nitrogen and oxygen), their structural
details remain the subject of much discussion and debate. Infrared
and Raman spectra of asphaltenes and representative model com-
pounds (together with other spectroscopic and non-spectroscopic
analyses) are expected to provide critical information pertaining
to this question. For this reason, acquisition and interpretation of
vibrational spectra are key components of an ongoing research
program in our laboratory. Related previous work combined spec-
troscopy with the determination of thermophysical properties
of similar aliphatic and aromatic hydrocarbons [3,4]. The sec-
ond originates in astrophysics and astrochemistry, where infrared
absorption spectra of aromatic hydrocarbons and various forms
of elemental carbon are frequently invoked in comparisons with
emission spectra from the interstellar medium. The extensive detail
in PA infrared spectra of aromatic hydrocarbons—particularly in
the 2000–1700 cm−1 and higher wavenumber regions—enables
observation of little-known combination bands involving C H out-
of-plane vibrations and other modes [2,5–7]. These results can also
be used to investigate mechanical and electrical anharmonicities

of the vibrations, a topic that is incorporated into our research for
the first time in the present work. With regard to the astrophysical
context, it should be noted that we consider only neutral species in
our studies; this contrasts with other investigations where both
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ositive and negative ions were included in laboratory simula-
ions of interstellar spectra [7–15]. For both hydrocarbon resource
haracterization and astrophysics applications, low wavenumber
aman and PA spectra may  also permit identification of particular
ompounds or sub-molecular aromatic motifs in mixtures because
t low wavenumbers spectra are less complex and bands are
ften linked to specific large-scale structures present in molecules,
nd specific molecular interactions. Concurrent experimental and
omputational evaluation of spectra for “families” of compounds
rovides a productive basis for gaining insights into both applica-
ions in general and into the identification of specific constituents
n mixtures.

Raman and PA infrared spectra of fluorene (C13H10; also
nown as 9H-fluorene or diphenylenemethane), 2,3-benzofluorene
C17H12), 2-methylfluorene (C14H12), 2-ethylfluorene (C15H14), and
,8-dimethylfluorene (C15H14) were acquired in the present work.
aman spectra were obtained in the wavenumber range from
bout 2000 to 100 cm−1, while far- and mid-infrared PA spec-
ra together spanned the same region. Harmonic and anharmonic
avenumber calculations were also performed for these com-
ounds. The observed Raman and infrared bands are correlated
ith calculated fundamental vibrations, or alternatively with pre-
icted overtone and combination transitions, in this article. These
esults are expected to significantly enhance knowledge of the
ibrational spectra of fluorene and its derivatives.

. Frequency calculations

Calculations of frequencies and the corresponding intensities
f large molecules according to harmonic theory are in general
ufficiently reliable to enable analysis of the spectra and this strat-
gy was employed in our earlier work [1,2]. Nevertheless, the
esults provided by the standard double-harmonic (mechanical
nd electrical) approximation are not sufficiently accurate for fine
pectroscopic assignments. The appearance of combination and
vertone bands in the PA spectra of aromatic hydrocarbons also
hows that the harmonic approximation should be augmented by
nother approach. Accordingly, both harmonic (DFT) and anhar-
onic (variational) calculations were carried out in the present

nvestigation.

.1. DFT method

Fundamental frequencies were predicted at the B3LYP/6-
11+G(d,p) level of theory as implemented in the Gaussian 09
uite of programs. Infrared and Raman frequencies and intensities
ere obtained in these calculations. Only results indicating energy
inima with positive frequencies are reported. Basis sets were

ufficiently large to ensure reasonable accuracies of the predicted
requencies. Calculated intensities were taken into consideration
hen correlating experimental data with the predicted bands for

ach compound.

.2. Variational method

As mentioned above, the occurrence of combination and over-
one bands in the hydrocarbon spectra indicates the anharmonic
ature of the vibrations. Some authors scale their DFT-calculated

requencies to allow for anharmonicity and to obtain better agree-
ent with the experimental data, even though this approach does

ot account for overtones or combination bands. Further the pres-

nce of anharmonic bands in the infrared spectra is a manifestation
f the breakdown of the double-harmonic approximation. Since
oth mechanical (anharmonicity of the potential) and electrical
non-linear dependence of the dipole moment on the normal
pectroscopy 74 (2014) 33–46

coordinates) anharmonicities are expected to give intensity to non-
fundamental transitions, these two effects should be considered
explicitly in the treatment of transition energies and related vibra-
tional wavefunctions.

In this work frequency calculations were carried out in the
mechanical and electrical anharmonic approximations, in the same
process, using the variational method developed by Bégué et al.
[16–20] and Baraille et al. [21], implemented in the P Anhar.v2.0
program [22]. All vibrational frequencies (fundamentals, combi-
nation bands and overtones) that contribute to the infrared and
Raman spectra, including those due to torsional motion, were com-
puted. Calculations were performed for monomers and dimers of
each compound.

3. Experimental

Fluorene, 2,3-benzofluorene, 2-methylfluorene, 2-
ethylfluorene and 1,8-dimethylfluorene were obtained from
commercial sources at purity levels of at least 98% and analyzed as
received. In some cases, samples were ground manually prior to
acquisition of their spectra.

3.1. Raman spectra

Raman spectra were obtained using two spectrometers at Can-
metENERGY (Devon, Alberta). In one set of experiments, a Renishaw
InVia microscope-based system was coupled to a Spectra Physics
125 He–Ne laser, which provided excitation at 633 nm.  Several
milligrams of each solid were examined with the use of a 50×
microscope objective. Spectra were acquired with a spherically
focused incident beam; typical resolution was  better than 2 cm−1.
Total accumulation time was 5 min  for each spectrum. The other
group of experiments was performed with a Bruker IFS 88 FT spec-
trometer and FRA 106 Raman accessory. Excitation of the FT-Raman
spectra was effected with a 1064-nm Nd:YAG laser at power levels
between 90 and 260 mW.  Ten 32-scan spectra with a resolution of
4 cm−1 were averaged for each sample.

3.2. Far-infrared spectra

PA far-infrared spectra were acquired at a resolution of 6 cm−1

using two different Bruker IFS 66v/S Fourier transform infrared
(FT-IR) spectrometers. This resolution, which is somewhat lower
than that utilized with other infrared techniques, was  found to be
adequate for the present study. Higher resolution yielded poorer
signal-to-noise ratios and is unnecessary in view of the widths of
the PA bands, which tend to be greater than those in the corre-
sponding Raman spectra. The first instrument, at CanmetENERGY,
was operated in both rapid- and step-scan modes. The He–Ne laser
modulation frequency was 1.6 kHz for the rapid-scan measure-
ments, corresponding to the lowest scan velocity of this instrument.
Large amplitude phase modulation [1] was employed in the step-
scan experiments, with a Signal Recovery lock-in amplifier being
utilized for demodulation. The second spectrometer was located
at the Canadian Light Source (Saskatoon, Saskatchewan). Rapid-
scan spectra were acquired under conditions similar to those just
mentioned. A thermal (globar) source was employed with this
instrument.

Standard MTEC 300 gas-microphone PA accessories were used
with both spectrometers; the sample cells were fitted with
polyethylene windows. Helium was  employed as the carrier gas.

Multilayer mylar beamsplitters were installed in the interferome-
ters. Spectra were recorded between about 700 and 50 cm−1, due to
limits imposed by the optical materials. Carbon black powder or an
MTEC carbon black reference yielded reference spectra that were
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ig. 1. Low wavenumber Raman spectra of fluorene (top panel) and 2,3-
enzofluorene (bottom panel).

sed to correct sample spectra for the wavenumber-dependent
esponse of each instrument.

.3. Mid-infrared spectra

PA mid-infrared spectra were recorded at a resolution of 6 cm−1

sing the Bruker IFS 88 spectrometer mentioned above. The laser
requency was either 1.6 or 2.2 kHz. An MTEC 200 PA cell was uti-
ized. Nitrogen was used to purge the spectrometer and as a carrier
as. A KBr window sealed the PA cell, and a Ge/KBr beamsplitter
as used in the spectrometer. Ten 32-scan spectra were aver-

ged for each sample. Spectra were acquired from about 4000 to
00 cm−1. Data are reported up to 2000 cm−1 in the body of this
rticle. Data for the higher wavenumber region are summarized
n the Supplementary material. Carbon black powder was  used to
btain reference spectra in these experiments.

. Results and discussion

Raman and PA infrared spectra of the five compounds stud-
ed in this work are discussed in the following two  sections. The
low wavenumber’ (∼700–100 cm−1; commonly referred to as far
nfrared) and ‘fingerprint’ (2000–700 cm−1) regions are defined
ccording to infrared spectroscopy convention. For convenience,
he Raman and infrared data share the same demarcation limits,
nd are presented jointly in each section.

.1. Low wavenumber region (∼700–100 cm−1)

.1.1. Fluorene and 2,3-benzofluorene
Raman spectra of fluorene and 2,3-benzofluorene (also known

s 11H-benzo[b]fluorene or isonaphthofluorene) are displayed in
ig. 1, with the corresponding PA infrared spectra appearing in
ig. 2. The predominance of the bands at 280 and 417 cm−1 in the
aman spectrum of fluorene (Fig. 1, upper curve) is a particularly
oticeable result, as is the rather large number of bands in the PA
pectra (Fig. 2). Tables 1 and 2 summarize band positions and rela-
ive intensities in the low wavenumber Raman and infrared spectra
f both compounds, alongside the corresponding results from the
armonic and anharmonic calculations (including infrared inten-

ities) performed in this work. Symmetry classifications for the
undamental modes are also given in these tables. Predicted fre-
uencies and intensities for all modes, including those at higher
avenumbers, are listed in the Supplementary material.
Fig. 2. Low wavenumber PA infrared spectra of fluorene (top panel) and 2,3-
benzofluorene (bottom panel). Spurious data near 340 cm−1 have been removed
from the fluorene spectrum.

As discussed previously [2], the reported DFT calculations are
not scaled. Consequently, the predicted values in column 3 of each
table tend to be a few percent higher than their scaled counterparts
(where these exist) in the literature. Scaling provides a correction
(adjustment) for anharmonicity, but produces only small changes
in the low wavenumber region. The discrepancies between pre-
dicted and observed frequencies are generally greater than these
minor adjustments and there is no compelling reason to scale the
DFT calculations. Treatment of anharmonicity using the variational
method described in Section 2.2 is more appropriate. This method,
which predicts fundamental, combination and overtone frequen-
cies, as well as intensities, yielded the values reported in columns 4
and 5 of Tables 1 and 2. Several attributions to dimer vibrations are
indicated in these tables and infrared- and Raman-active modes
are denoted ‘d’ and ‘Rd’, respectively. Assignments to combina-
tions and overtones, listed in column 5, provide interpretations of
a number of weak features in the spectra. Correlations between
the respective fundamental frequencies obtained via the DFT and
variational methods (columns 3 and 4) for both compounds were
generally straightforward. As predicted intensities were also con-
sidered during correlation development, two out-of-sequence pairs
of close-lying frequencies in column 5 of Table 2 were identified.

4.1.2. 2-Methylfluorene, 2-ethylfluorene and
1,8-dimethylfluorene

Low wavenumber Raman spectra of three alkyl fluorene
derivatives (2-methylfluorene, 2-ethylfluorene and 1,8-
dimethylfluorene) are shown in Fig. 3, while the PA infrared
spectra are shown in Fig. 4. (Spurious features have been removed
from two  spectra in Figs. 2 and 4, producing small gaps in the
data.) The Raman spectra are presented using greatly different
intensity scales, as is mandated by the diverse intensities observed
for these three substances in this region. The recorded spectrum
for 2-ethylfluorene is from one to two orders of magnitude weaker
than those of the two other compounds, probably because of the
very small quantity of 2-ethylfluorene available for analysis. By
contrast, PA intensities in the infrared spectra of the three alkyl
derivatives are not disparate (Fig. 4). The PA spectra for these
compounds are not reported below 200 cm−1 to avoid artifacts
and noise arising in this region. Despite this limitation, the Raman
and PA infrared spectra in Figs. 3 and 4 comprise some of the first

known low wavenumber data for these compounds.

Tables 3–5 list the wavenumbers and relative intensities of
the observed bands for 2-methylfluorene, 2-ethylfluorene and
1,8-dimethylfluorene, respectively. Symmetry classifications are
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Table  1
Low wavenumber Raman and PA infrared spectra of fluorene (C2v).

Observed Predicteda

Ramanb Infraredb Symmetry Harmonicc Anharmonicd Combinationd

696 vw 697 s b1 710 (5.4) 713 (2.9)
710 (0.1) 277 + 433
693 (0.1) 140 + 580

667  sh 664 (0.6) 248 + 416
650  vw 654(0.1) 99 + 558

632  vw 633 w a1 645 (0.3) 650 (0.5)e

623 w b2 636 (7.7) 645 (8.1)
587 vw
573 vw a2 574 (0.0) 580 (0.0)

562  vw 571 Rd
542  m 545 w b2 553 (0.1) 558 (0.1)

546 (0.1)f 140 + 433
519  w

482 vw 487 w b2 498 (0.3) 498 (0.4)
471  vw 474 m b1 479 (0.8) 488 (2.0)
427  sh 428 sh a2 437 (0.0) 433 (0.0)
417  s a1 419 (0.4) 420 (0.3)
411  sh 411 s b1 421 (6.2) 416 (7.2), 429 Rd
367  vw 362 (1.2) 140 + 248

302  w
280 s a2 273 (0.0) 277 (0.0)

266 m
255 vw 256 m b1 240 (7.3) 248 (8.0)
217  m 217 m a1 217 (0.2) 211 (0.2), 221 d

172  w
156 vw 151 vw 157 d

140 w a2 136 (0.0) 140 (0.0)
122 w
108 m b1 98 (0.6) 99 (0.7)

a Infrared intensities (in parentheses) in km/mol.
b Estimated uncertainties in band positions are within ±3 cm−1. Relative intensities: vw = very weak, w = weak, m = medium, s = strong, vs = very strong, sh = shoulder.
c Unscaled DFT frequencies calculated using B3LYP/6-311+G(d,p) as described elsewhere [3].
d Anharmonics B3LYP/6-311 calculation using the P VMWCI2 algorithm [21,22]. d = infrared-active dimer vibration, Rd = Raman-active dimer vibration.
e Eigenvector contains 10% contribution from 416 + 211 cm−1 combination.
f Eigenvector contains 12% contribution from 416 + 99 cm−1 combination.
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Fig. 4. Low wavenumber PA infrared spectra of 2-methylfluorene (top panel), 2-

ig. 3. Low wavenumber Raman spectra of 2-methylfluorene (top panel), 2-
thylfluorene (middle panel) and 1,8-dimethylfluorene (bottom panel).

ncluded for 1,8-dimethylfluorene in column 3 of Table 5. The lower
ymmetries of 2-methylfluorene and 2-ethylfluorene (C1) obviate
he need for comparable classifications in Tables 3 and 4. Pre-
icted harmonic and anharmonic frequencies are given in each
able according to the convention established for Tables 1 and 2.
he anharmonic calculations yielded several dimer vibrations, as

ell as combinations and overtones (columns 4 and 5). Both inten-

ities and wavenumbers obtained in the harmonic and variational
alculations were taken into account as the individual bands in
ethylfluorene (middle panel) and 1,8-dimethylfluorene (bottom panel). Spurious
data  near 340 cm−1 have been removed from the 1,8-dimethylfluorene spectrum.

the Raman and infrared spectra were correlated with the pre-
dictions. As is the case for fluorene and 2,3-benzofluorene, the
low wavenumber Raman and PA infrared spectra of the alkyl-
substituted fluorenes contain much detail; sufficient information
for the identification and characterization of these compounds.

The lowest calculated fundamental frequencies for 2-

methylfluorene in Table 3 (harmonic, 24 cm−1; anharmonic,
20 cm−1) lie beyond the low wavenumber cutoff of the mylar
beamsplitters used for the far-infrared measurements. Attempts
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Table  2
Low wavenumber Raman and PA infrared spectra of 2,3-benzofluorene (Cs).

Observed Predicteda

Ramanb Infraredb Symmetry Harmonicc Anharmonicd Combination or overtoned

700 w 700 sh a′ 713 (2.1) 719 (1.4)
680  vw

665 w a′′ 677 (0.7) 683 (1.5)
640  vw a′ 644 (0.1) 654 (0.1)

627  vw 626 vw a′ 617 (2.4) 627 (0.7)
605  vw 604 w a′ 582 (8.6) 589 (7.2)
569  w 571 w a′′ 564 (0.3) 573 (0.3)

558  w a′ 549 (1.0) 553 (0.7)
541  m 540 vw 62 + 498

515  w a′′ 501 (0.1) 510 (0.1)
493  m a′ 490 (0.4) 498 (0.2)e

479 m 476 s a′′ 483 (16.7) 487 (16.4)
425  w 426 m a′′ 435 (1.4) 437 (2.0)

427 (0.2) 2 × 213
395  m 396 m a′′ 405 (3.1) 408 (3.2)f

355 s 353 w a′ 357 (0.1) 359 (0.1)
314  sh a′′ 312 (0.2) 312 (0.1)
308  m 307 w a′ 312 (0.7) 315 (0.6)
289  w 284 m a′′ 272 (2.9) 281 (3.2)

265  w
248 w 255 (0.2) 94 + 213

223  m 226 m 239 (0.1) 94 + 156
203  w a′′ 206 (2.3) 213 (2.0)

169  s 172 w 161 (0.1) 62 + 94
158  s 158 w a′ 156 (0.1) 156 (0.5)

152  sh a′′ 155 (0.6) 158 (0.1)
144  vw
138 w 133 w 139 d
129  w 122 w 123 (0.1) 2 × 62

103  m a′′ 95 (0.2) 94 (0.1)
67  m a′′ 62 (0.5) 62 (0.5)

a Infrared intensities (in parentheses) in km/mol.
b Estimated uncertainties in band positions are within ±3 cm−1. Relative intensities: vw = very weak, w = weak, m = medium, s = strong, vs = very strong, sh = shoulder.
c Unscaled DFT frequencies calculated using B3LYP/6-311+G(d,p) as described elsewhere [3].

 = infrared-active dimer vibration.
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e Eigenvector contains 9% contribution from 281 + 213 cm−1 combination.
f Eigenvector contains 5% contribution from 804 cm−1 mode.

re currently underway to study this region in separate experi-
ents at the Canadian Light Source. This work entails the use of

oherent synchrotron radiation [23] in place of a conventional opti-
al source for PA infrared spectroscopy. The currently accessible
egion in this experiment [24], which employs a Bruker IFS 125HR
pectrometer and a different beamsplitter, extends from about 5
o 25 cm−1. Initial experiments have produced inconclusive results
ut this investigation is ongoing.

.2. Fingerprint region (2000–700 cm−1)

.2.1. Fluorene and 2,3-benzofluorene
The 2000–700 cm−1 regions of the observed Raman and PA spec-

ra for fluorene and 2,3-benzofluorene are shown in Figs. 5 and 6,
espectively. Several noteworthy aspects of these spectra are
mmediately apparent. These include (a) very good band defini-
ion and contrast in the Raman spectra; (b) significantly greater
andwidths and the absence of void regions in the PA infrared
pectra; and (c) prominent overtone and combination bands above
640 cm−1 in both PA spectra. Comparison of the upper and lower
anels in Fig. 5 also reveals a few near-coincidences of Raman bands
or the two compounds, consistent with their structural similarity.

Band positions and relative intensities in Figs. 5 and 6 for the
xperimental measurements and the calculations are summarized
n Table 6 (fluorene) and 7 (2,3-benzofluorene). The predicted
avenumbers appear in columns 3 and 4 of these tables, regardless
f the presence or absence of corresponding bands in the measured
pectra and they were interpreted in the same manner as the low
avenumber calculations. Most of the combinations and overtones
Fig. 5. Fingerprint region Raman spectra of fluorene (top panel) and 2,3-
benzofluorene (bottom panel).

at higher wavenumbers in the infrared spectra are predicted in the
variational calculations. Minor unassigned bands in both the Raman
and PA spectra presumably have analogous origins.

The assignments of the combination and overtone bands above

1640 cm−1 in the PA infrared spectra deserve further comment.
Tables 6 and 7 show that these attributions involve medium-
or strong-intensity bands between about 1100 and 700 cm−1 for
the most part. The DFT and anharmonic calculations confirm
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Table  3
Low wavenumber Raman and PA infrared spectra of 2-methylfluorene (C1).

Observed Predicteda

Ramanb Infraredb Harmonicc Anharmonicd Combination or overtoned

675 m 658 (1.4) 660 (0.5)
650 vw 651 m 69 + 591
644  vw
634 vw

618 vw
607 vw
587 w 589 sh
575 vw 574 m 586 (2.4) 591 (1.7)
562 vw 560 vw 582 (2.1) 589 (2.0)
546 m 546 vw 555 (0.9) 560 (0.5)
520 vw 518 vw 512 (0.4) 516 (0.3)
490 vw 493 vw 499 (0.7) 506 (0.3)e 2 × 250
467  vw 467 m
432 vw 436 (0.2) 437 (0.1)
421 vw 419 m 426 (9.0) 434 (6.1)f

393 m 395 vw 397 (0.2) 398 (0.2)
387 sh
365 vw
331 m 330 w 327 (0.9) 331 (0.2)
319 m 319 (0.1) 319 (0.1)
304 vw 303 vw
286 vw 285 sh
267 w 270 Rd
251 w 250 m 240 (6.8) 250 (3.0)
229 vw 226 vw
207 w 206 vw 194 (0.3) 198 (0.4)
177 vw 185 (0.4) 183 (0.1)
159 w 142 (0.1) 20 +132

134 (0.1) 132 (0.1)
72 (0.6) 69 (0.3)
24 (0.3) 20 (0.2)

a Infrared intensities (in parentheses) in km/mol.
b Estimated uncertainties in band positions are within ±3 cm−1. Relative intensities: vw = very weak, w = weak, m = medium, s = strong, vs = very strong, sh = shoulder.
c Unscaled DFT frequencies calculated using B3LYP/6-311+G(d,p) as described elsewhere [3].
d Anharmonics B3LYP/6-311 calculation using the P VMWCI2 algorithm [21,22]. Rd = R
e Eigenvector contains 7% contribution from 3 × 250 cm−1 overtone.
f Eigenvector contains 6% contribution from 250 + 132 cm−1 combination.
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for comparison. This article reports calculated frequencies for most,
but not all, infrared-active fundamentals. These frequencies, which
enzofluorene (bottom panel).

hat many of these bands arise from a2 and b1 (fluorene; C2v
ymmetry) or a′′ (2,3-benzofluorene; Cs symmetry) modes. The
ibrations implicated below ∼1000 cm−1 generally entail out-
f-plane displacement of carbon–carbon and carbon–hydrogen

roups. Combination bands in the 2000–1640 cm−1 region involv-
ng non-planar CH vibrations have been reported previously
aman-active dimer vibration.

[2,5–7]. Hence this aspect of the present work is consistent with
previously published literature.

Spectral data for fluorene also provide points of contact with
the analytical [25–28] and applied [29–32] literatures. Infrared
[25–28] and Raman [26–28] spectra for fluorene are available.
The single crystal study of Bree and Zwarich [26] is particularly
informative. UV-excited Raman spectra of fluorene were reported
by Asher and coworkers as part of their studies of coal liquids
[29,30]. Similarly, Chua and Stair discussed UV Raman spectra of
fluorene and several polyaromatic compounds in an investigation
of methanol-to-hydrocarbons conversion [31]. Raman spectra of
fluorene adsorbed on TiO2 were obtained as part of a photocat-
alytic study by Cordeiro and Corio [32]. The band locations in these
publications generally agree with their counterparts in columns 1
and 2 of Tables 1 and 6, although the relative intensities differ in
some cases due to the diverse experimental conditions employed
in these works. A recent publication on gas phase infrared spec-
tra of fluorene, 1-methylfluorene and 1,8-dimethylfluorene [33]
reports both harmonic and anharmonic calculated frequencies, the
former agreeing with the present results to within ±2 cm−1 in most
cases. The anharmonic frequencies in their work were fitted to gas
phase data, and thus show much poorer agreement with the values
computed in this work.

For 2,3-benzofluorene an experimental infrared and DFT inves-
tigation of neutral and cationic 2,3-benzofluorene [34] is available
are scaled, are generally similar to the respective anharmonic fre-
quencies reported in column 5 of Table 7.
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Table  4
Low wavenumber Raman and PA infrared spectra of 2-ethylfluorene (C1).

Observed Predicteda

Ramanb Infraredb Harmonicc Anharmonicd Combination or overtoned

646 m 657 (1.6) 664 (1.6)
606  m 619 (4.4) 626 (4.0)

580  vw 578 vw
567 vw 569 sh 578 (1.7) 575 (1.1)e

545 w 548 w 554 (0.7) 561 (0.5)
525  sh 517 (1.0) 529 (0.4)

512 (0.6) 519 (0.6)
505  vw 508 w 503 (0.1) 247 + 259

487 w 493 (0.5)f 2 × 247
454  vw 460 Rd

437 (0.6) 441 (1.2)
427  w 425 s 434 (6.2) 443 (5.8)

416  sh
404 vw 410 (1.8) 409 (1.2)
343 vw 340 vw 367 (0.1) 374 (0.1)
330  vw 327 (0.2) 330 (0.2)

258 (0.2) 259 (0.2)
255  vw 253 s 240 (6.7) 247 (7.1)
226  vw 229 (0.1) 215 (0.1)
169  vw 172 w 174 (0.2) 175 (0.2)
152  vw 148 (0.1) 151 (0.1)
145  vw 148 Rd
138  vw
129 vw 129 (0.1) 130 (0.1)

58 (0.4) 57 (0.3)
34 (0.1) 32 (0.1)

a Infrared intensities (in parentheses) in km/mol.
b Estimated uncertainties in band positions are within ±3 cm−1. Relative intensities: vw = very weak, w = weak, m = medium, s = strong, vs = very strong, sh = shoulder.
c Unscaled DFT frequencies calculated using B3LYP/6-311+G(d,p) as described elsewhere [3].

d = Raman-active dimer vibration.

ibution from 247 cm−1 mode.
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d Anharmonics B3LYP/6-311 calculation using the P VMWCI2 algorithm [21,22]. R
e Eigenvector contains 8% contribution from 330 + 247 cm−1 combination.
f Eigenvector contains 6% contribution from 3 × 247 cm−1 overtone and 5% contr

The 1075–990 cm−1 region of the PA infrared spectra of fluorene
nd 2,3-benzofluorene was also examined in our laboratory using

 quantum cascade laser (QCL) as the infrared radiation source.
aser-based PA infrared spectra typically display much narrower
ands than those in FT-IR spectra [35,36], often facilitating obser-
ation of shoulders and detection of weak bands. This brief study
uggested probable new features at approximately 994, 996 and
032 cm−1 for fluorene, the two lower frequency bands possi-
ly corresponding to similar calculated frequencies in columns 4
nd 5 of Table 6. The 2,3-benzofluorene spectrum displayed bands
t 1017 and 1021 cm−1, the latter feature being revealed due to
educed band widths. Hence additional useful information was
cquired in the QCL experiment, despite the narrow range of the
easurements.

.2.2. 2-Methylfluorene, 2-ethylfluorene and
,8-dimethylfluorene

The fingerprint regions of the Raman and PA spectra obtained for
he alkyl derivatives of fluorene are shown in Figs. 7 and 8, respec-
ively. The Raman spectra display a number of well-defined bands,
ith intensities ranging over multiple orders of magnitude. By con-

rast the PA infrared spectra exhibit characteristically wider bands,
hich occur within a much smaller dynamic range. As noted in the
revious section, the PA spectra include an appreciable number
f bands throughout the entire 2000–700 cm−1 region, while the
aman spectra do not contain significant features above approxi-
ately 1750 cm−1.
Experimental and computed wavenumbers and intensities for

he alkylated fluorenes are reported in Tables 8–10. No previously

ublished calculations are known for these compounds. Correla-
ions between the observed and calculated bands were developed
sing both position and intensity information, the majority of these
ssignments being relatively straightforward. Nevertheless, the
Fig. 7. Fingerprint region Raman spectra of 2-methylfluorene (top panel), 2-
ethylfluorene (middle panel) and 1,8-dimethylfluorene (bottom panel).

existence of large numbers of fundamentals for the substituted
compounds inevitably leads to a few ambiguities. Additionally,
there is a tendency for neighboring vibrations to occur very close
to one another in particular regions (e.g., ∼1500 and ∼1600 cm−1).
More bands may  be calculated than observed in some cases, imply-
ing that it is not always feasible to make definitive assignments.
Again, all predicted frequencies appear in the tables, irrespective
of the number of bands actually observed in the spectra.

These tables also present a number of assignments to combina-

tions and overtones of infrared-active vibrations between ∼1500
and 700 cm−1. Calculated anharmonic frequencies were used for
these attributions, often leading to predicted frequencies slightly
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Table  5
Low wavenumber Raman and PA infrared spectra of 1,8-dimethylfluorene (C2v).

Observed Predicteda

Ramanb Infraredb Symmetry Harmonicc Anharmonicd Combinationd

694 vw 693 m b1 709 (8.5) 699 (4.2)
681  vs a1 692 (0.1) 692 (0.2)
664  w 668 vw

645 vw 650 (0.1) 113 + 543
622  vw 616 (0.2) 113 + 506

a2 599 (0.0) 589 (0.0)
585  w 586 m b2 594 (4.3) 598 (3.6)

556 m b2 566 (3.0) 571 (3.3)
538  m 536 w a1 544 (0.6) 543 (0.4)

b1 511 (1.0) 513 (0.9)
500  m 497 m a2 510 (0.0) 506 (0.0)
478  w 477 m b2 485 (0.2) 481 (1.1)
464  w 464 vw b1 481 (0.3) 476 (0.1)e

a1 468 (0.4) 460 (0.2)f

451 vw 460 (0.1) 147 + 316
430  vw 431 (0.2) 147 + 286

403  vw 397 (0.3) 113 + 286
387  vw

356 vw
313 m a1 312 (0.1) 316 (0.1)

299 s b2 278 (0.1) 276 (0.1)
285  m a2 276 (0.0) 286 (0.0)
264  vw 261 sh b1 259 (11.3) 267 (12.0)
240  m 238 w a2 232 (0.0) 236 (0.0)
219  m 213 w b1 199 (0.1) 202 (0.1)
166  w 166 vw
138 m 138 w a1 159 (0.1) 147 (0.1)

a2 115 (0.0) 115 (0.0)
121 m b1 111 (0.6) 113 (0.6)

b1 90 (0.7) 90 (0.2)
a2 83 (0.0) 83 (0.0)

a Infrared intensities (in parentheses) in km/mol.
b Estimated uncertainties in band positions are within ±3 cm−1. Relative intensities: vw = very weak, w = weak, m = medium, s = strong, vs = very strong, sh = shoulder.
c Unscaled DFT frequencies calculated using B3LYP/6-311+G(d,p) as described elsewhere [3].
d Anharmonics B3LYP/6-311 calculation using the P VMWCI2 algorithm [21,22].
e A Raman-active dimer vibration was also calculated at 476 cm−1.
f Eigenvector contains 11% contribution from 3 × 147 cm−1 overtone.
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tion of fluorene-like structures within larger aggregates such as
ig. 8. Fingerprint region PA infrared spectra of 2-methylfluorene (top panel), 2-
thylfluorene (middle panel) and 1,8-dimethylfluorene (bottom panel).

igher than the corresponding experimental values. While most of
he listed combinations occur above ∼1650 cm−1, a few of the weak
eatures at lower wavenumbers undoubtedly have similar origins.
t is also interesting to note that vibrations above 1200 cm−1 partic-

pate in several combinations for the alkyl derivatives, in contrast

ith those in Tables 6 and 7. It is reasonable to suggest that the alkyl
ubstituents may  play a role in the appearance of these bands.
5. Summary

Raman and PA infrared spectra of fluorene, 2,3-benzofluorene,
2-methylfluorene, 2-ethylfluorene and 1,8-dimethylfluorene were
acquired and compared with both harmonic (DFT) and anhar-
monic (variational) calculations in this work. Some of the features
observed experimentally were identified for the first time. These
include low wavenumber bands for all fluorene derivatives and
combination and overtone bands in the low wavenumber and fin-
gerprint regions of the PA infrared spectra. Where available, the
measurements in the present work agree with the literature to
within applicable experimental errors.

Similarities between the Raman spectra of fluorene and
2,3-benzofluorene were noted in Section 4.2.1. Further exami-
nation of the Raman and infrared spectra acquired in this work
reveals several regions which contain bands representative of
the fluorene family. Characteristic “marker” Raman bands of flu-
orene (Tables 1 and 6) occur at 417, 542, 741, 842, 1235 and
1612 cm−1; analogous features can be identified for the derivatives
(Tables 2–5 and 7–10). The relevant normal modes of the fluorene
moiety are illustrated in Table S7 (Supplementary material), which
also summarizes the corresponding frequencies in the four deriva-
tives. Similarly, the PA infrared spectra in Figs. 2, 4, 6 and 8 generally
exhibit bands near ∼470, 750, 1500–1400, and 1575 cm−1. Hence
observation of bands in these regions could be taken as confirma-
asphaltenes or mixtures of polyaromatic hydrocarbons.
Combination and overtone bands appear throughout the far-

and mid-infrared regions of the PA infrared spectra. These
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Table  6
Raman and PA infrared spectra of fluorene (C2v), 2000–700 cm−1.

Observed Predicteda

Ramanb Infraredb Symmetry Harmonicc Anharmonicd Combination or overtoned

1988 vw 1986 (0.1) 2 × 995
1948  m 1964 (0.3)e 2 × 983
1909  w 1906 (0.1) 2 × 955
1891  w 1901 (0.1) 713 + 1189
1846  vw 1850 (0.3) 752 + 1110
1830  w 1835 (0.3) 853 + 983
1804  m 1805 (0.2)f 870 + 936

1760 (0.1) 752 + 1015
1717  w 1739 (0.2) 2 × 870
1690  w 1695 (0.1) 752 + 955
1645  w 1664 (0.1) 713 + 955

1625 w b2 1647 (4.0) 1610 (2.2)g

1612 s 1597 m a1 1646 (0.1) 1607(0.0)
1577  m 1573 m b2 1621 (0.5) 1580 (1.5)

a1 1616 (1.3) 1601 (1.4)
1525 w

b2 1508 (7.0) 1492 (8.1)
1508  vw a1 1507 (0.0) 1488 (0.5)

a1 1477 (8.9) 1482 (0.2)
1479  m 1477 m b2 1483 (19.0) 1467 (20.0)
1450  vw 1447 vs a1 1451 (12.2) 1445 (20.2)
1429  vw
1412 sh
1403 sh 1401 s 1402 (1.5) 416 + 983
1399 w
1386 vw 1384 sh
1369 vw
1351 sh a1 1374 (0.3) 1370 (0.0)
1344  w 1341 m b2 1345 (7.1) 1349 (8.4)
1325  w b2 1329 (2.5) 1328 (0.8)
1300  w 1310 m a1 1320 (0.4) 1314 (4.1)
1292  m 1300 sh
1268 vw a1 1252 (3.0) 1238 (4.0)
1235  vs 1231 w b2 1221 (3.9) 1208 (0.6)
1221  vw 1219 vw
1210 vw a1 1207 (2.9) 1201 (0.9)
1193  w 1188 m b2 1192 (3.0) 1194 (3.1)
1188  w a1 1180 (0.1) 1189 (0.1)
1169  vw b2 1176 (0.2) 1181 (0.1)
1153  m 1155 m a2 1162 (0.0) 1156 (0.2)
1146  w
1127 vw 1122 sh
1115 vw
1107 vw 1108 m b2 1130 (0.1) 1119 (0.1)
1092  vw 1091 m a1 1117 (3.3) 1110 (3.0)

1061 vw b2 1051 (5.8) 1047 (2.4)
1020  vs 1020 m a1 1045 (0.9) 1029 (0.7)
1002  vw
993 vw 997 m b2 1023 (4.6) 1015 (5.3)

b1 994 (0.1) 995 (0.2)
973  vw 979 sh a2 993 (0.0) 992 (0.0)
955  vw 953 m b1 976 (4.2) 983 (4.7)

a2 956 (0.0) 955 (0.3)
917  vw 910 vw b1 933 (0.1) 936 (0.1)

881  vw a2 880 (0.0) 880 (0.1)
864  vw 859 m b1 871 (0.6) 870 (1.2)
852  w
842 m a1 853 (0.1) 853 (0.2)

820  vw b2 813 (0.4) 807 (0.6)
786  w 792 vw a2 792 (0.0) 799 (0.1)
781  w 775 sh
741 vs a1 755 (0.1) 743 (0.0)

741  vs b1 754 (134.8) 752 (132.1)
a2 738 (0.0) 736 (0.0)
b1 710 (5.4) 713 (2.9)

a Infrared intensities (in parentheses) in km/mol.
b Estimated uncertainties in band positions are within ±3 cm−1. Relative intensities: vw = very weak, w = weak, m = medium, s = strong, vs = very strong, sh = shoulder.
c Unscaled DFT frequencies calculated using B3LYP/6-311+G(d,p) as described elsewhere [3].
d Anharmonics B3LYP/6-311 calculation using the P VMWCI2 algorithm [21,22].
e Eigenvector contains 6% contribution from 3 × 983 cm−1 overtone.
f Eigenvector contains 5% contribution from 2 × 870 cm−1 overtone.
g Eigenvector contains 7% contribution from 807 + 743 cm−1 combination.
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Table  7
Raman and PA infrared spectra of 2,3-benzofluorene (Cs), 2000–700 cm−1.

Observed Predicteda

Ramanb Infraredb Symmetry Harmonicc Anharmonicd Combination or overtoned

1949 w
1924 w 1891 (0.3)e 892 + 1027
1905 w 1898 (0.1) 2 × 950
1880  vw
1840 vw 1825 (0.3) 892 + 950
1815  w 1831 (0.7) 804 + 1027
1792  sh 1783 (0.1) 760 + 1027
1761  w
1719 w 1738 (0.1) 760 + 950
1700  w 1714 (0.1), 1696 (0.1) 804 + 914, 804 + 892

1640  m 1635 w a′ 1673 (2.7) 1642 (1.0)f

a′ 1649 (1.5) 1616 (2.2)
1606  m 1607 m a′ 1645 (1.0) 1614 (0.7)

a′ 1620 (1.5) 1608 (0.4)
1577  w a′ 1613 (1.0) 1577 (0.3)
1499  m 1500 m a′ 1536 (12.1) 1517 (11.1)
1473  m 1470 m a′ 1503 (3.9) 1482 (0.9)

a′ 1500 (6.8) 1489 (0.2)
a′ 1479 (2.9) 1477 (0.1)
a′ 1467 (14.0) 1466 (5.1)

1436  s 1436 m a′ 1455 (14.3) 1444 (18.8)
1409  m 1407 m a′ 1425 (0.2) 1410 (1.9)
1395  w a′ 1390 (0.8) 1386 (0.2)
1384  w
1368 s 1363 vw a′ 1368 (2.6) 1361 (1.0)
1342  vw 1340 m a′ 1351 (8.6) 1334 (4.9)

1315 m a′ 1326 (0.1) 1320 (0.0)
1302  vw

1265 m a′ 1283 (5.1) 1289 (5.6)
a′ 1261 (0.9) 1256 (0.1)

1238  m 1236 w a′ 1250 (1.7) 1243 (1.5)
1226  w a′ 1224 (0.6) 1225 (0.1)g

1204 vw a′ 1213 (6.6) 1206 (0.2)
1190  m 1194 w a′ 1197 (1.6) 1187 (2.6)

1179 sh a′ 1179 (0.3) 1176 (0.5)
1154  w 1149 m a′ 1174 (3.6) 1170 (3.5)

a′ 1169 (2.7) 1160 (0.1)
1144  w a′′ 1165 (0.1) 1142 (0.0)
1117  vw 1116 w a′ 1136 (2.6) 1125 (1.3)
1099  vw 1094 w a′ 1116 (0.9) 1110 (0.9)

1058 vw a′ 1046 (5.5) 1044 (0.1)
1021  s 1017 m a′ 1041 (4.2) 1027 (3.8)

a′ 998 (0.9) 997 (0.2)
a′′ 994 (0.1) 990 (0.1)
a′′ 993 (0.1) 990 (0.1)

981  w 978 w a′′ 976 (8.2) 984 (1.5)
a′′ 969 (0.5) 974 (0.9)

951  vw 951 m a′′ 946 (0.8) 950 (0.2)
931  vw 928 w a′ 909 (0.4) 914 (0.3)
896  vw a′′ 903 (2.4) 914 (0.5)
876  vw 874 s a′′ 888 (27.9) 892 (27.7)

a′′ 876 (0.3) 870 (0.1)
a′′ 857 (0.1) 852 (0.1)

833  s a′ 842 (0.1) 842 (0.3)
814  vw 820 m a′′ 782 (49.6) 804 (12.4)
796  vw a′ 803 (0.1) 797 (0.1)
773  w a′′ 772 (14.2) 776 (3.8)

763  s a′ 766 (0.1) 759 (0.1)
752  vs a′′ 755 (12.9) 760 (14.2)
734  w 728 s a′′ 736 (44.0) 741 (44.8)
700  w 700 sh a′ 713 (2.1) 719 (1.4)

a Infrared intensities (in parentheses) in km/mol.
b Estimated uncertainties in band positions are within ±3 cm−1. Relative intensities: vw = very weak, w = weak, m = medium, s = strong, vs = very strong, sh = shoulder.
c Unscaled DFT frequencies calculated using B3LYP/6-311+G(d,p) as described elsewhere [3].
d Anharmonics B3LYP/6-311 calculation using the P VMWCI2 algorithm [21,22].
e Eigenvector contains 5% contribution from 852 + 842 cm−1 combination.
f Eigenvector contains 10% contribution from 2 × 804 cm−1 overtone and 5% contribution from 2 × 792 cm−1 overtone.
g A Raman-active dimer vibration was also calculated at 1231 cm−1.
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Table  8
Raman and PA infrared spectra of 2-methylfluorene (C1), 2000–700 cm−1.

Observed Predicteda

Ramanb Infraredb Harmonicc Anharmonicd Combination or overtoned

1945 w 1964 (0.8) 756 + 1216
1896 w
1831 vw 1849 (0.1)e 756 + 1109
1795 vw 1802 (0.1) 591 + 1216

1713 m 1714 vs 1654 (3.9) 1610 (4.2)
1686 sh 1646 (6.0) 1600 (3.5)
1652 vw 1658 (1.1)f 2 × 830

1619  sh 1615 s 1620 (0.4) 1584 (3.2)
1611  m 1605 sh 1614 (2.2) 1572 (0.7)
1587  sh
1577 vw
1550 m 1543 vw

1517 (7.2) 1504 (7.0)
1504 (8.0) 1489 (10.8)g

1487 w 1487 sh 1491 (21.2) 1480 (15.2)
1489 (7.1) 1473 (15.0)

1462  w 1458 s 1484 (14.2) 1469 (12.8)
1430  w 1429 sh 1452 (4.0) 1450 (2.0)
1403  vw 1449 (2.5) 1436 (5.6)

1416 (0.2) 434 + 987
1395 vw 1399 m 1413 (0.1) 1404 (0.0)
1378  vw 1375 sh 1401 (0.3) 250 + 1153
1364  vw 1366 sh 1371 (0.4) 1360 (0.6)
1345  sh
1337 w 1336 vw 1336 (12.7) 1328 (3.0)
1306  w 1327 (1.1) 1315 (4.6)
1291  m 1295 m 1316 (0.9) 1314 (0.5)
1247  m 1247 vw 1267 (2.3) 1246 (2.0)

1236 (1.9) 1235 (1.1)
1220  m 1218 m 1221 (3.0) 1216 (1.8)
1208  w
1197 vw 1195 sh 1198 (3.4) 1195 (3.0)
1182  w 1180 m 1179 (0.3) 1183 (0.1)

1162 (0.1) 1158 (0.0)
1154  w 1156 vw 1157 (2.7) 1153 (1.6)

1105 m 1120 (1.9) 1109 (1.8)
1097  w 1059 (11.4) 1081 (5.0)

1039 w 1048 (4.8) 1043 (6.6)
1025  m 1026 sh 1024 (3.1) 1030 (0.6)
1004  m 1003 w 1015 (0.3) 1019 (0.1)

992 (0.1) 987 (0.0)
974  vw 972 sh 974 (3.6) 987 (2.2)
960  w 955 m 961 (0.3) 964 (0.1)

941 (0.3) 936 (0.2)
916  vw 916 w 927 (0.8) 919 (0.8)

878 w 889 (1.9) 910 (1.1)
853  vw 820 m 874 (0.1) 877 (0.0)

837 (1.2) 831 (0.4)
828  m 826 s 833 (18.2) 830 (15.0)
804  vw 804 vw

764 vs 776 (45.3) 786 (44.5)
757  vs 771 (1.3) 763 (0.2)
733  m 736 vs 743 (39.6) 756 (39.0)
716  w 722 (1.1) 723 (0.9)
710  vw 711 (0.1) 721 (0.1)

a Infrared intensities (in parentheses) in km/mol.
b Estimated uncertainties in band positions are within ±3 cm−1. Relative intensities: vw = very weak, w = weak, m = medium, s = strong, vs = very strong, sh = shoulder.
c Unscaled DFT frequencies calculated using B3LYP/6-311+G(d,p) as described elsewhere [3].
d Anharmonics B3LYP/6-311 calculation using the P VMWCI2 algorithm [21,22].
e Eigenvector contains 5% contribution from 1019 + 830 cm−1 combination.

ibutio

f
s
p
s
p
s

a

f Eigenvector contains 8% contribution from 2 × 831 cm−1 overtone and 5% contr
g Eigenvector contains 7% contribution from 763 + 756 cm−1 combination.

eatures are most noticeable between about 2700 and 1640 cm−1,
ince no fundamental vibrations occur in this interval for the com-
ounds studied in this work. The occurrence of these features in PA
pectra of condensed-ring hydrocarbons appears to be a general

henomenon. This contention is supported by separate PA mea-
urements made using a quantum cascade laser [36].

The computed spectra and the measured spectra agree with one
nother with respect to the values of the wavenumbers. Relative
n from 831 + 830 cm−1 combination.

peak intensities show poorer agreement due to several factors.
These include partial saturation in the PA spectra, which tends
to limit the intensities of strong bands while enhancing relative
intensities of weaker features. Saturation also tends to increase

bandwidths. Moreover, the experimental Raman and infrared spec-
tra are affected by solid-state interactions which are not explicitly
taken into consideration in the DFT calculations. Our choice of basis
set for these calculations could be another relevant factor. As a
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Table  9
Raman and PA infrared spectra of 2-ethylfluorene (C1), 2000–700 cm−1.

Observed Predicteda

Ramanb Infraredb Harmonicc Anharmonicd Combination or overtoned

1943 vw 1967 (0.1) 891 + 1077
1917 sh 1900 (0.1) 744 + 1160
1895 w 1894 (0.1) 2 × 949
1830 vw 1831 (0.8) 744 + 1077
1799 w

1715 vw 1712 m 1704 (0.9) 2 × 853
1683 w

1612 vs 1610 m 1652 (1.9) 1626 (2.5)
1579  w 1646 (6.0) 1614 (3.6)

1619 (0.6) 1607 (0.3)
1540 sh 1612 (1.0) 1579 (0.9)

1517 (7.5) 1510 (0.2)e

1508 (3.2) 1506 (0.3)
1498 (13.1) 1495 (0.5)

1489  w 1497 (10.0) 1480 (1.4)
1468  vw 1491 (7.4) 1489 (6.4)
1459  vw 1457 m 1486 (9.9) 1477 (14.0)
1443  vw 1457 (7.8) 1440 (10.9)
1426  w 1425 m 1451 (9.8) 1428 (3.5)
1402  w 1400 m 1409 (3.4) 1400 (3.2)

1374 (0.1) 1368 (0.1)
1359 vw 1352 (2.8) 1349 (2.8)

1343 (15.3) 1339 (2.3)
1343  m 1327 (0.5) 1320 (1.1)
1305  m 1321 (1.2) 1314 (1.7)
1297  sh 1299 w

1271 (1.0) 1270 (0.4)
1271  w 1269 w 1264 (1.6) 1265 (0.6)
1242  m 1234 (2.2) 1249 (0.3)
1217  vw 1215 w 1220 (3.0) 1214 (2.0)
1196  vw 1194 vw 1198 (3.7) 1197 (3.0)
1178  vw 1179 w 1179 (0.2) 1194 (0.1)

1161 (0.1) 1152 (0.0)
1154  w 1152 vw 1158 (3.6) 1160 (4.0)
1137  vw 1137 w 1144 (0.4) 1135 (0.1)
1124  vw 1121 (1.9) 1120 (1.7)

1109 vw
1098 w 1097 vw 1080 (10.3) 1077 (9.0)
1064  w 1063 w 1075 (3.3) 1082 (3.3)

1048 (3.8) 1040 (1.2)
1027  m 1025 vw 1024 (4.3) 1022 (4.3)
1006  w 1003 w

992 (0.1) 996 (0.1)
978  vw 982 (0.6) 969 (0.2)

976 sh 974 (3.5) 984 (3.0)
952 m 963 (0.6) 949 (0.2)
926 vw 942 (0.5) 940 (0.2)

906 (2.1) 903 (2.2)
896  vw 892 sh 893 (3.5) 891 (2.0)

876 m 874 (0.1) 872 (0.1)
860  vw

833 s 842 (18.3) 853 (17.0)
824  m 836 (0.4) 832 (0.1)

792 (0.7) 790 (0.3)
781 (24.1) 783 (23.2)

755  s 766 s 769 (1.5) 762 (0.2)
730  w 735 s 747 (58.4) 744 (55.5)

721 (0.5) 719 (0.2)
708  vw 713 (0.9) 719 (0.9)

a Infrared intensities (in parentheses) in km/mol.
b Estimated uncertainties in band positions are within ±3 cm−1. Relative intensities: vw = very weak, w = weak, m = medium, s = strong, vs = very strong, sh = shoulder.

sewhe

c
q

t
a
o
t

c Unscaled DFT frequencies calculated using B3LYP/6-311+G(d,p) as described el
d Anharmonics B3LYP/6-311 calculation using the P VMWCI2 algorithm [21,22].
e Eigenvector contains 5% contribution from 783 + 719 cm−1 combination.

onsequence, predicted and observed relative intensities show only
ualitative agreement in some cases.

Band frequencies in the observed spectra correspond closely

o computed fundamental, combination, and overtone bands
ttesting to the anharmonic (mechanical and electrical) character
f the vibrations. Many peaks appear in both the experimen-
al Raman and infrared spectra, including numerous examples
re [3].

where the calculations, based on the behavior of individual
molecules, predict activity in only one type of spectrum. This
apparent disagreement, which also arises in the acene family [1,2],

was resolved by performing calculations with slightly distorted
molecules [37]. Small symmetry breaking distortions may arise
in crystal lattices and permit bands to be both IR and Raman
active.
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Table  10
Raman and PA infrared spectra of 1,8-dimethylfluorene (C2v), 2000–700 cm−1.

Observed Predicteda

Ramanb Infraredb Symmetry Harmonicc Anharmonicd Combinationd

1922 m 1917 (0.5) 460 + 1465
1883  vw
1848 w
1775 w 1772 (0.8) 780 + 993
1700  w 1708 (0.3) 543 + 1167
1692  sh
1659 vw

1602 vs b2 1636 (1.3) 1608 (0.3)
1592 m a1 1636 (4.9) 1599 (1.9)e

b2 1629 (14.6) 1599 (5.0)
a1 1626 (12.7) 1590 (8.2)f

1544 vw 1554 (0.9) 2 × 780
b2 1517 (0.3) 1510 (0.1)
a1 1515 (4.5) 1503 (0.1)
b2 1500 (34.4) 1490 (15.4)
a1 1497 (4.0) 1485 (0.2)

1484 w 1483 sh b1 1488 (18.3) 1465 (20.7)
a2 1487 (0.0) 1481 (0.0)

1452 s b2 1457 (4.2) 1443 (2.5)
1418 w 1428 sh a1 1454 (0.1) 1425 (0.9)

a1 1438 (10.3) 1415 (7.0)
1400 sh a1 1416 (3.4) 1407 (0.6)

1380 w 1381 m b2 1415 (0.1) 1412 (0.0)
1344 m 1344 vw a1 1372 (0.3) 1360 (0.2)

b2 1343 (4.2) 1337 (1.0)
1312 m a1 1315 (2.4) 1319 (2.0)

1292 s 1296 sh b2 1293 (0.7) 1301 (0.2)
1260 sh 1265 vw a1 1265 (2.7) 1253 (3.1)
1241 w 1244 vw b2 1248 (2.9) 1251 (2.8)

1224 vw a1 1212 (0.7) 1200 (0.2)
b2 1196 (1.8) 1195 (1.1)

1194 w 1196 vw a1 1187 (1.1) 1190 (0.6)
1175 sh b2 1186 (0.3) 1180 (0.1)

1160 w 1159 m a2 1159 (0.0) 1167 (0.1)
b2 1132 (0.1) 1125 (0.0)

1113 vw 1111 vw a1 1100 (7.3) 1101 (0.9)
b2 1091 (5.7) 1078 (3.9)

1077 w 1073 m b1 1058 (2.9) 1065 (2.7)
a2 1054 (0.0) 1050 (0.0)

1039 m a1 1036 (0.1) 1021 (0.1)
b2 1006 (2.1) 1000 (0.2)

1016 w b1 985 (0.8) 993 (0.6)
996  vw a2 981 (0.0) 984 (0.7)
965  vw a1 946 (3.8) 955 (1.2)

933  m 935 vw b1 939 (0.7) 938 (0.6)
920  w a2 909 (0.0) 910 (0.0)

879  vw 885 w b1 906 (0.1) 905 (0.1)
835  m 835 vw b2 846 (1.6) 848 (0.9)

817  vw a1 845 (0.0) 844 (0.1)
796  vw a2 810 (0.0) 818 (0.0)
774  vw 768 vs b2 782 (3.3) 775 (0.9)
749  vw 745 s b1 781 (95.0) 780 (81.2)
724  vw a2 740 (0.0) 730 (0.0)

a Infrared intensities (in parentheses) in km/mol.
b Estimated uncertainties in band positions are within ±3 cm−1. Relative intensities: vw = very weak, w = weak, m = medium, s = strong, vs = very strong, sh = shoulder.
c Unscaled DFT frequencies calculated using B3LYP/6-311+G(d,p) as described elsewhere [3].

5
r
a
p
c
o
i
g
f
o

d Anharmonics B3LYP/6-311 calculation using the P VMWCI2 algorithm [21,22].
e Eigenvector contains 6% contribution from 810 + 780 cm−1 combination.
f Eigenvector contains 6% contribution from 2 × 780 cm−1 overtone.

Some features present in the experimental spectra, such as the
62 and 454 cm−1 Raman bands of fluorene and 2-ethylfluorene,
espectively, appear to be absent from the computed spectra, and
re also attributed to dimer effects arising in crystals. For exam-
le, the coupling of vibrations of neighboring molecules—possibly
aused by pi–pi interactions—is expected to shift the frequencies
f some intramolecular modes and give rise to additional features

n spectra. A few additional assignments to dimer vibrations are
iven in the tables. Calculations of coupled vibration frequencies
or condensed-ring aromatics are presently under way in our lab-
ratory and will be reported separately.
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