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ABSTRACT: The CN stretch frequency of neutral, gas-phase 9-cyanoanthracene is 2207
cm™" (4.531 pm) based on high-resolution infrared absorption experiments coupled with a
new hybrid anharmonic quantum chemical methodology. A broad band (full-width at half-
maximum of 47 cm™') is observed and assigned to multiple transitions, including the CN
stretch fundamental and various combination bands that gather intensity from strong
anharmonic coupling with the bright CN stretch. The new hybrid computational approach
utilizes the harmonic force constants from the double-hybrid rev-DSDPBEP86 functional that
includes MP2 electron correlation, and the cubic and quartic force constants from the B3LYP
density functional. In combination, this method computes a band center of 2207 cm™" for 9-
cyanoanthracene, a direct match with experiment. Further, the hybrid method produces a
difference of less than 1 cm™! for the two isomers of cyanonaphthalene and cyanobenzene. As
shown from comparison with CCSD(T)-F12b anharmonic frequency computations of
cyanobenzene, inclusion of electron correlation is required to properly characterize the
electronic structure of the highly electron withdrawing CN group on polycyclic aromatic hydrocarbons. In agreement with earlier
studies, computation of the CN stretch of 14 small CN-PAHs produces a narrow (~20 cm™) band from 22072229 cm™" (4.53—
4.48 yum). The remainder of the spectrum below 2000 cm™" and from 3000—3120 cm™" shows good agreement between experiment
and the hybrid theory with a mean absolute error of 16 and 14 cm™’, respectively.
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I ) olycyclic aromatic hydrocarbons (PAHs) are a class of recurrent fluorescence. Previously, matrix-isolation absorp-
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ubiquitous molecules of notable significance across
various environments ranging from here on Earth to the
depths of outer space." They are carcinogenic biproducts of
terrestrial organic combustion, but are also believed to be the
carriers of notable astronomical emission bands observed
toward many, if not most astronomical objects. This makes
their chemistry central to human health as well as human
curiosity for the role that they may play across these realms of
scientific inquiry. Case in point, many specific PAHs have
recently been detected light years away from Earth, giving their
formation, destruction, and spectroscopic fingerprints new
light and further impetus for analysis. For example, new
experimental techniques, such as crossed molecular beams and
advanced ion traps,”~® have been developed to study the
formation pathways and reaction mechanisms of both neutral
and ionized PAHs, regardless of their terrestrial or extra-
terrestrial application. In particular, the spectroscopy of PAH
cations has received increased attention due to new capabilities
in ion storage and ion traps s.etups.7_12 For example, new
developments in ion traps have led to the so-called leak-out
spectroscopy,"® now implemented to study cationic PAHs."*
Moreover, multireflection ion traps have been used to perform
spectroscopy of hot cationic PAHs emitting photons via

© 2025 American Chemical Society
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tion spectroscopy was the only accessible experimental method
for characterizing the spectra of PAHs,'”™" both neutral and
ionized, but with such an approach, spectroscopic features are
shifted with respect to the isolated species. Recently, solid
parahydrogen (pH,) matrix isolation has gained attention to
characterize large PAHs,”® showing high accuracy for relative
intensities and minor shifts in peak positions.”"”** Nevertheless,
such changes with respect to the isolated molecules are still
present, calling for the need of detailed gas-phase spectroscopy,
which can be applied to study large species with modern
techniques.””

The recent astronomical detections of PAHs in the cold
Taurus Molecular Cloud-1 (TMC-1)**~*" have clearly shown
the existence of these long-postulated large molecules in
astronomical environments. PAHs are suggested to be the
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Table 1. Benchmarking Data for the CN Stretch Fundamental of Cyanobenzene Including Harmonic and Anharmonic
Vibrational Frequencies, Anharmonic Corrections, Differences from Experiment, And Literature Experimental Frequencies®

Method Basis Set Harm.
CCSD(T)-F12b cc-pCVDZ-F12 2287
rev-DSDPBEP86 jun-cc-pVDZ 2257

jun-cc-pVTZ 2262
aug-cc-pVDZ 2248
aug-cc-pVTZ 2262
B3LYP NO07D 2332
jun-cc-pVDZ 2328
jun-cc-pVTZ 2332
aug-cc-pVDZ 2324
aug-cc-pVTZ 2333
rDSD/junTZ + B3LYP/SNSD Corrected” 2263
rDSD/junTZ + B3LYP/NO7D Corrected 2262
rDSD/junTZ + B3LYP/NO7D Hybrid 2262
Experiment®
Experimentd

“All data are given in cm™", PReference 34. “Reference 38. “Reference 39.

Anharm. Anharm.correction Diff. with Expt.
2238 49 7
2218 39 —-13
2221 41 -9
2209 39 =21
2221 41 -10
2298 34 68
2293 34 63
2299 34 68
2289 34 59
2299 34 68
2227 34 —4
2228 36 -2
2226 36 )
2229
2232

precursors to carbonaceous dust and, from modeling, to be
essential for subsequent planet formation, as well as serving as
sinks of carbon throughout the galaxy, containing as much as
20% of the elemental carbon." These specific interstellar PAHs
have mostly been discovered in the form of cyano-substituted
PAHs (CN-PAHs) since the attachment of the CN group
produces a large permanent dipole moment that enables
detection of their pure rotational lines via radio astronomy.
While such frequencies have been the workhorse of
astrochemistry for decades, an alternative for astronomical
molecular detection is the use of infrared (IR) spectroscopy,
which can be obtained from astronomical observations with
the James Webb Space Telescope (JWST). For this purpose,
laboratory IR characterization of molecules believed to be the
origins for the astronomically observed IR features is
imperative and, crucially, should be done under conditions
mimicking the interstellar medium (ISM) in order for the
observations to be meaningfully interpreted. Such experiments
are difficult to set up, showcasing where computational
quantum chemistry can step in. However, the true picture
comes to light when both approaches work together, where the
former can provide the necessary reference data for the latter,
together explaining the astronomical observations.

Regardless of the source of the data, having the necessary
reference data available for interpreting observations and
proposing compelling observing targets is key for utilizing
JWST to its fullest when it comes to its application to
astrochemistry. For CN-PAHs, a distinguishing IR feature is
the CN stretch. This feature is strong and falls around 4.5
um,”” which is within the accessible spectral range of JWST,
specifically its high-resolution NIRSpec instrument which
covers 0.6—5.3 um (16700—1890 cm™), up to a spectral
resolution of R =~ 2700 (R = A/AA = v;/Av,) depending on
the observing mode. At the position of the CN stretch at
~2230 cm™' (4.484 um) this is a frequency spacing of Ay, =~
0.8 cm™' (Av =~ 0.0017 pm).

Recent computations for the IR absorption spectra of
various prototypical CN-PAHs show disagreement between
the standard B3LYP/NO07D quantum chemical level of theory
and the experimental CN stretch frequency of cyanobenzene.™
Since then, recent work by Xu and Biczysko'* has used an
anharmonic correction factor derived from the B3LYP/SNSD
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level of theory to correct the harmonic CN stretch frequency
computed with the rev-DSDPBEP86/jun-cc-pVIZ approach.
This corrected CN stretching frequency shows remarkable
accuracy, as it falls within 4 cm™ of the experimentally position
found. Unfortunately, this corrective method only yields the
single fundamental frequency and does not provide any
information for other vibrational transitions at similar
frequencies, which have been shown to couple strongly to
the CN stretching fundamental.”” Consequently, the present
work will extend this methodology in conjunction to and
comparison with advanced experimental techniques to provide
an exceptionally in-depth characterization for the CN stretch
band, which falls in a region typically bereft of notable
vibrational activity. Having such a quantum chemical tool as
well as advanced experimental results will allow for future
predictions and interpretations of the vibrational nature of CN-
PAHs and may extend to other electron withdrawing groups
such as C =CH that DFT struggles with.”>™*” These are
necessary for any type of remote sensing, whether be it in the
combustion plumes of power plants or in molecular clouds
located in far away galaxies.

As a first test for the newly established computational
method, Table 1 presents the harmonic and anharmonic
frequency data for the CN stretch fundamental of cyanoben-
zene (C¢H;CN) computed with the CCSD(T)-F12b, rev-
DSDPBEP86 (rDSD), and B3LYP methods. Experimental
frequencies of 2229 and 2232 cm™" from Rajasekhar et al.*®
and Kwon et al,*” respectively, are used to benchmark the
computations, for which an average value of 2230 cm™ is
taken. The CCSD(T)-F12b anharmonic frequency is com-
puted to be 2238 cm™', a value remarkably close to the
experimentally determined value of 2230 cm™'. This result is
groundbreaking on the fact that full ab initio quartic force fields
(QFFs) are usually constrained to small molecules, containing
only a few atoms and fewer than 30 electrons. Cyanobenzene
contains 13 atoms and 55 electrons, pushing coupled cluster
QFFs to the brink of computational feasibility. The CCSD(T)-
F12b value also provides a tested and reliable ab initio method
against which the DFT methods can be compared, considering
DFT functionals are often parametrized for specific purposes
rather than truly capturing the electronic interactions.
Unfortunately, extension of CCSD(T)-F12b to compute the

https://doi.org/10.1021/acs.jpclett.4c03396
J. Phys. Chem. Lett. 2025, 16, 1296—1304
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Figure 1. Experimental (black), rev-DSDPBEP86/jun-cc-pVTZ + B3LYP/NO7D hybrid (green), and B3LYP/aug-cc-pVDZ (blue) absorption

spectra of 9-cyanoanthracene in the 400—3200 cm™

! range. The computed spectra are convolved with a Gaussian line shape with a fwhm of 0.5% of
the FELIX frequency from 400—2600 cm™' and a Lorentzian line shape of 3 cm™

! above 2600 cm™ based on the different apparatuses used.

QFF of large aromatic molecules, approaching true “poly-
cyclic” CN-PAHs is currently out of reach, predicating the
need for accurate DFT approaches to be engineered.

Several DFT approaches are analyzed here including a true
hybrid QFF that combines different levels of theory. For the
CN stretch fundamental frequency, the pure B3LYP levels of
theory all overestimate the frequency by 60—70 cm™', and all
produce an anharmonic correction of 34 cm™". The pure rDSD
computations each underestimate the frequency with differ-
ences ranging from 9-21 cm™, a good result considering the
under-performance of the B3LYP computations. The rDSD
anharmonic corrections are on the order of 40 cm™". These
computations also reproduce the anharmonic-corrected
frequency of 2227 cm™! reported by Xu and Biczysko®* and
with the rDSD/junTZ + B3LYP/NO7D corrected frequency of
2228 cm™! in this work.

Even so, a new true hybrid method based on the correction
approach reported by Xu and Biczysko has been developed to
compute the spectra of CN-PAHs. This approach combines
the quadratic force constants from the rDSD/jun-cc-pVTIZ
computations with the cubic and quartic force constants and
intensities from the B3LYP/NO7D calculations to directly
compute the total anharmonic spectrum. This hybrid method
is abbreviated rDSD-TZ+B3LYP, and more details about its
formulation can be found in the Computational Methods
section. When computed with the rDSD-TZ+B3LYP hybrid
approach, the CN stretch fundamental frequency for
cyanobenzene is predicted to be 2226 cm™'. The rDSD
harmonic frequency falls 90 cm™ lower than the B3LYP
methods, but still around 40 cm™" above the experiment. The
B3LYP anharmonic correction is about 6 cm™" less than the
rDSD methods. When combined in the hybrid QFF, though,
they capture the electronic structure of the CN group nicely.
Compared to the ab initio CCSD(T)-F12b QFF approach, the
rDSD-TZ+B3LYP hybrid QFF computes a frequency lying 12
cm™ lower. The exceptional agreement of the ab initio
CCSD(T)-F12b method and poor performance of the pure
DFT methods indicates that inclusion of higher electron
correlation in the computations is required for proper
characterization of the electronic structure of the high electron
density CN substituent on PAHs. This realization leads to the
choice of the double-hybrid rDSD method that includes
electron correlation for the harmonic portion combined with

1298

DEFT for the cubic and quartic portions of the potential. The
latter constitutes the most important part of the anharmonic
frequency calculation within a QFF. This hybrid method may
also perform well for other electron withdrawing side groups,
such as C=CH which has previously been shown to suffer
under pure DFT treatment.”> >’

Nevertheless, the two corrected methods (rev-
DSDPBEP86/junTZ + B3LYP/NO7D and rev-DSDPBEP86/
junTZ + B3LYP/SNSD), along with the rDSD-TZ+B3LYP
hybrid approach, show good agreement with the experimental
value of 2230 cm™, validating the use of the hybrid method for
computing the CN stretch of the simple cyanobenzene.

Validation as to the predictability of the new computational
approach requires extending the analysis to larger, more
complex CN-PAHs. For this purpose, IR absorption experi-
ments have been conducted on supersonically cooled neutral
9-cyanoanthracene in the gas-phase under isolated conditions.
Figure 1 presents the measured absorption spectrum (in
black), separated into the two ranges from 500 to 2350 cm™!
and from 3000 to 3120 cm™". For the lower-frequency range,
light from the IR free electron laser FELIX is employed. For
the higher-frequency range, a table-top IR optical parametric
oscillator is used. Details are presented in the Methods section.
In addition, Figure 1 presents computations using the rDSD-
TZ+B3LYP hybrid QFF and pure B3LYP/aug-cc-pVDZ
methods, in green and blue, respectively. Both computational
methods show good agreement compared to the experiment
below 2000 cm™' with mean absolute errors of 16 and 14
cm™, respectively. Below 800 cm™ the computational spectra
miss some of the transitions and misjudge relative intensities.
However, the higher frequency transitions above 800 cm™" are
much better reproduced. Given that the B3LYP method has
been shown to reproduce the IR absorption spectrum of
unsubstituted PAHs well, this result further substantiates its
use in computing the IR spectra of CN-PAHs in the fingerprint
region. Also, it indicates that the rDSD-TZ+B3LYP method is
accurate in this region, as well.

Focusing in on the important CN stretch region (2150—
2350 cm™') reveals a drastically improved story. Here, the
experimental spectrum exhibits two intense bands consisting of
several overlapping transitions accompanied by bands of minor
intensity, while the B3LYP/aug-cc-pVDZ computed spectrum
produces a single intense feature directly in between. In

https://doi.org/10.1021/acs.jpclett.4c03396
J. Phys. Chem. Lett. 2025, 16, 1296—1304
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Figure 2. Experimental (black) and rev-DSDPBEP86/jun-cc-pVTZ + B3LYP/NO7D hybrid (green) absorption spectra of 9-cyanoanthracene in
the 2150—2350 cm™ range. The experimental spectrum is smoothed via a 1-point binomial smoothing function. The computed spectrum is
convolved with a Gaussian line shape with a fwhm of 0.5% of the FELIX frequency.

Table 2. Benchmarking Data for the CN Stretch Fundamental of 9-Cyanoanthracene Including Single Method Harmonic and
Anharmonic Vibrational Frequencies, Anharmonic Corrections, Differences from Experiment, rDSD Corrected Frequencies,

And Experimental Frequency from the Current Work”

Method Basis set Harm. Anharm. Anharm. correction Diff. from Expt. rDSD Corrected Diff. with Expt.
rev-DSDPBEP86 jun-cc-pVDZ 2239 2198 41 -9 - -
jun-cc-pVTZ 2244 - - - - -
B3LYP NO07D 2313 2282 30 75 2214 7
jun-cc-pVDZ 2308 2272 36 65 2208 1
jun-cc-pVIZ 2313 2284 29 77 2215 8
aug-cc-pVDZ 2303 2268 34 61 2209 2
aug-cc-pVTZ 2313 2284 29 77 22158 8
B3LYP-D3BJ aug-cc-pVDZ 2307 2274 33 67 2211 4
CAM-B3LYP aug-cc-pVDZ 2368 2337 31 130 2213 6
BP86 aug-cc-pVDZ 2204 2173 32 —-34 2212 S
Mo06-2X aug-cc-pVDZ 2383 2352 32 145 2212 S
®wB97-XD aug-cc-pVDZ 2353 2317 36 110 2208 1
rDSD/junTZ+ B3LYP/NO07D Hybrid 2244 2207 37 0 - 0
Experiment (current work) 2207

“All data are given in cm™".

Table 3. Experimental Feature Label, Experimental Band Center, Computational Transition Label, Anharmonic Frequency,
Relative Intensity, And Mode Contributions for 9-Cyanoanthracene from Figure 2 Computed with the rDSD-TZ+B3LYP

Hybrid Method

Experimental Feature Expt. Freq (cm™) Label Anharm. Freq (cm™) Rel. Int. (km mol™) Mode Contributions

a 2200.2 0.16 Vygtls, Vo
b 2208.0 0.31 2% Vp3+ly3 VpotUsy
c 2214.0 0.05 Uyytlyy Uystly UyyHUss

A 2207 d 2214.8 0.06 Vyrtls3 Vystly
e 2215.1 0.03 Vy4tlso Uy tly,
f 2215.5 0.02 Uyl Vi4+Uso Vpgtlsy
g 2218.5 0.20 Upgtsy V1o

B 2304 h 2273.8 0.21 Vygtlgy

contrast, the rDSD-TZ+B3LYP hybrid method reproduces this
double band structure. Figure 2 depicts an expanded view of
the experimental (black) and rDSD-TZ+B3LYP hybrid QFF
(green) IR absorption spectrum in the 2150—2350 cm™
region. Two bands, one centered at 2207 (A) and the other
at 2304 (B) cm™’, are observed in the experiment. Band A has
a full-width at half-maximum (fwhm) of 47 cm™, with a
bulging shape on each side of the band center stemming from
many overlapping transitions. The first and second derivatives
of the experimental spectrum are presented in Figure SI,
showing the presence of underlying transitions. Band B has
approximately half of the intensity and is less broad (fwhm =
27 cm™). In this frequency range, FELIX has a resolution of
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approximately 8 cm™. A previous absorption experiment of 9-
cyanoanthracene frozen in Ar and H,O matrices*’ measured a
broad feature centered at 2225 and 2222 cm™', respectively.
This suggests a modest matrix-induced shift of around 20
cm” .
The harmonic and anharmonic CN stretch fundamental
frequencies of various methods used to benchmark the new
experimental data are reported in Table 2. As shown in Figure
1, the B3LYP/aug-cc-pVDZ method mischaracterizes the
spectrum in this region (mean absolute error of 60 cm™), a
shortcoming that is seen in all pure DFT functionals as well as
the double-hybrid B2PLYP-D3BJ method. In general, the
harmonic and anharmonic frequencies computed with the

https://doi.org/10.1021/acs.jpclett.4c03396
J. Phys. Chem. Lett. 2025, 16, 1296—1304
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Figure 3. Experimental (black) and rev-DSDPBEP86/jun-cc-pVTZ + B3LYP/NO7D hybrid (green) absorption spectra of 9-cyanoanthracene in
the 3000—3120 cm™" range. The experimental spectrum is smoothed with a 5-point binomial smoothing function and normalized to the peak at

3066.2 cm™'. The computed spectrum is convolved with a Lorentzian line shape with a fwhm of 3 cm™.

1

B3LYP, B2PLYP-D3BJ, CAM-B3LYP, BP86, M06-2X, and
@wB97X-D methods along with the aug-cc-pVDZ basis set
overestimate the CN stretch fundamental frequency by 70—
130 cm™, except for BP86 which underestimates it by 34
ecm™'. A direct anharmonic computation with the rev-
DSDPBEP86/jun-cc-pVDZ method yields a good result with
a difference from the central frequency of experimental peak A
of only 9 cm™. Using the rDSD method with the jun-cc-pVTZ
basis set is computationally out of reach for 9-cyanoanthracene
and larger CN-PAHs. Correcting the rDSD harmonic
frequencies with the anharmonic correction from the other
methods results in impressively good agreement, with
differences from the central frequency of band A between 1
and 8 cm™. Unfortunately, this method only provides merely
the CN stretch fundamental frequency. For a proper
understanding of the experimental data, it is, however, crucial
to be able to reproduce important anharmonic effects such as
resonances and combination bands as well.

While the rDSD corrected fundamental frequencies produce
good agreement for the pure CN stretch fundamental, the
broad experimental feature remains uncharacterized. Table 3
reports the experimental band center, anharmonic frequency of
each assigned transition, anharmonic relative intensity, and
mode contributions to the transitions. By using the rDSD-TZ
+B3LYP hybrid method, the CN stretch fundamental
frequency shows a direct match, difference of 0 cm™, with
the central frequency of band A, and the shape of the band is
fully reproduced. Stick “b” is the transition with the most vy,
(CN stretch) character and is predicted at 2208.0 cm™". The
remaining transitions “a” - “g” are various spectroscopically
dark combination bands of lower frequency modes that gain
intensity from strong coupling to the CN stretch fundamental,
creating the width observed in the experiment. While slightly
narrower and less intense than band A, transitions “a” and “g”
are the origins of the low frequency and high frequency
shoulders, respectively. Band B, with a central frequency of
2304 cm™', is tentatively assigned in part to the strong
transition “h”, the combination band vy + v,4 computed at
2273.8 cm™'. There are additional transitions with low
predicted intensity spread across the width of Band B,
complicating an unambiguous assignment to v,y + V4. Given
that this transition does not directly involve the CN stretch
motion, the modest difference of 31 cm™ from transitions “h”
improves on the previous B3LYP/aug-cc-pVDZ method
(difference of S8 cm™) and is currently the best method
available.
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Given the high accuracy of the new rDSD-TZ+B3LYP
hybrid QFF for computing the CN stretch of 9-cyanoan-
thracene, this method is also utilized for computing the spectra
of the remaining two isomers of cyanoanthracene as well as for
a few other small cyano-PAHs that were previously studied,
including: cyanonaphthalene (C;,H,CN; 2 isomers), cyano-
phenanthrene (C,Hy,CN; S isomers), and cyanopyrene
(C1HyCN; 3 isomers), which are reported in Table S2. For
2- and 3-cyanoanthracene, the CN stretch frequencies are
predicted to occur at 2220 and 2223 cm™, respectively. These
values represent a 74 and 66 cm™" difference compared to the
B3LYP/NO7D frequencies, a slightly smaller change compared
to the 75 cm™" difference found for 9-cyanoanthracene. There
is a 16 cm™" spread for the three cyanoanthracene isomers with
the CN stretch frequency increasing as the CN moiety moves
toward the terminal ring. The opposite trend is seen for the
difference between the rDSD-TZ+B3LYP hybrid and B3LYP/
NO7D methods, with the difference between the two being the
smallest for 3-cyanoanthracene.

A recent report” of the IR absorption spectra of 1- and 2-
cyanonaphthalene measured a central band frequency of 2220
and 2226 cm™, respectively, for the CN stretch. Accompany-
ing B3LYP/6-311G(d,p) computations overestimated these
frequencies by ~60 and ~80 cm™'. The CN stretch
fundamental frequencies computed here with the rDSD-TZ
+B3LYP hybrid method are 2219 and 2226 cm™, a difference
of 1 and 0 cm™, respectively, with the experiment. These
results, combined with the results on cyanobenzene and 9-
cyanoanthracene presented here, indicate the rDSD-TZ
+B3LYP hybrid QFF as an extremely reliable method for
computing the CN stretch of CN-PAHSs. Therefore, it is used
here to compute the CN stretch frequency for the five isomers
of cyanophenanthrene and three isomers of cyanopyrene,
which have recently been detected in space in the cloud
designated TMC-1, to determine the magnitude and expected
frequency range for the CN stretches and inform astronomical
searches for CN-PAHs in the IR. The CN stretch frequencies
for the 14 CN-PAH isomers span 2207—2229 cm ™' (4.531—
4.486 um), a very narrow range of only 22 cm™"' (0.045 ym).
This range agrees with the predicted range of 20 cm™ (0.043
um) when using the B3LYP/NO7D method.”> Given the
spectral resolution of NIRSpec in this region of Ay, ~ 0.8
em™ (Av =~ 0.0017 pum), JWST observations should readily
resolve this feature.

Figure 3 displays the IR absorption spectrum in the 3000—
3120 cm™' region, typically attributed to the aromatic CH
stretches. In addition, Table S1 presents a list of the assigned
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transitions. Eight bands are identified in the experimental
spectrum, centered at 3036, 3037, 3045, 3058, 3063, 3066,
3076, 3087, and 3099 cm™!. Each of these bands are
reproduced in the rDSD-TZ+B3LYP hybrid computational
spectrum, with a mean average error of 14.3 cm™. This is an
exceptional agreement considering the expected DFT accuracy
of within 20 cm™ for CH stretches. Each transition is highly
mixed, often consisting of three or four separate modes. The
most intense feature, made of peaks “d”, “e”, and “f’, have a
dominant contribution from CH stretch fundamentals v, v,
and v,, respectively. Peak “e” has contributions from four
separate modes, each with only 37, 21, 13, and 10%
contribution to the final state character. Based on these results
it can be concluded that the new rDSD-TZ+B3LYP hybrid
method is also accurate for characterization of the CH
stretches in addition to the CN stretch.

The CN stretch frequency of 9-cyanoanthracene is
determined to be 2207 cm™" based on gas-phase IR absorption
experiments and supported by quantum chemical prediction
that uses a new, hybrid anharmonic computational method. As
previously shown, there is not a lone CN stretch peak but, in
fact, a complex band consisting of multiple spectroscopically
dark transitions that borrow intensity from the intense CN
stretch mode via strong anharmonic coupling. Additionally, the
hybrid method computes the CN stretch fundamental
frequency of 2- and 3-cyanoanthracene to be 2220 and 2223
cm™, respectively, showing that the frequency increases as the
CN group moves toward the terminal ring. Based on these
results and previous reports of the CN stretch frequency of
cyanobenzene and 1- and 2-cyanonaphthalene of 2230, 2220,
and 2226 cm™, the main question that arises is whether the
CN stretch frequency will continue to decrease with PAH size
and how much the substitution site will alter the CN stretch
frequency. More laboratory investigations coupled with the
new hybrid computational method are required to answer
these questions. Even more intriguing is whether the IR
signature of this group of molecules will be found in new
JWST NIRSpec spectra, now that the CN stretch frequency
and bandwidth have been pinpointed for a three-ring CN-
PAH.

B METHODS

Experimental Methods. Experiments have been performed in a
molecular beam instrument described in detail elsewhere.** In
short, a molecular beam of neutral 9-cyanoanthracene seeded
in Ar is formed by laser desorption, in which a 1:1 mixture of
9-cyanoanthracene and black carbon powder are pressed on
the surface of a graphite bar that is placed in front of a pulsed
valve. Using the 1064 nm light of a Nb:YAG laser (1 mJ/pp),
9-cyanoanthracene molecules are desorbed from the graphite
bar, and are merged with an expanding Ar gas injected by the
pulsed valve (2 bar of backing pressure). After formation, the
molecular beam of neutrals is ionized using a (1 + 1’) REMPI
scheme, with the light of a dye laser for the resonant step
(377.08 nm) and that of an ArF laser (193 nm) for the second
step. After ionization, the molecular beam is characterized
using time-of-flight mass spectrometry.

The IR spectrum is measured using ion-dip spectrosco-
py.”>*** In the range from 500 to 2350 cm™, this is done by
using the light of the free electron laser FELIX in Nijmegen,
The Netherlands. FELIX is merged with the molecular beam in
a counter-propagating way, and is timed to interact with the
beam 300 s prior to ionization. FELIX is scanned in steps of 2
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cm™. In contrast, for the range from 3000 to 3120 cm™), a

table-top IR OPO/OPA laser was employed, which is crossed
with the molecular beam. This approach is selected here
because of the much narrower line width of the OPO laser in
this frequency range, which is close to 1 cm™, compared to the
10 cm™" expected for FELIX (around 0.5% of the central
wavenumber). For the OPO experiments, steps of 0.3 cm ™" are
taken. In addition, the OPO laser interacts with the molecular
beam 1 pus before ionization occurs. To account for the
variations in laser power along the scanned wavelength range,
the infrared intensity is defined as Iz = -In(I/1,)/P, where I
and I, are the intensity of the 9-cyanoanthracene peak in the
mass spectra with and without laser interaction, respectively,
and P the wavelength-dependent laser power.

Computational Methods. The anharmonic vibrational spectra
of cyanobenzene and 9-cyanoanthracene are computed via a
quartic force field (QFF), which is a fourth-order Taylor
expansion of the potential portion of the Watson Hamiltonian
(eq 1), using density functional theory (DFT) and a double-
hybrid method, through both a single method approach as well
as a hybrid method approach. Ab intio, explicitly correlated
coupled cluster theory with single and double excitations and
perturbative triples [CCSD(T)-F12b] is used for cyanoben-
zene as well.

V=

1| o
= XX,
2 4~ | X0, !

3N 3
1 o’V
— E — IXX.
6 ijk[axiaxjaxk] A

otV

1 3N [
24 e dXiankaXm

]Xx,-Xle,
(1)

The ab initio computations of cyanobenzene begin with a
tight geometry optimization using CCSD(T)-F12b™~* in
conjunction with the explicitly correlated core-correlating cc-
pCVDZ-F12 basis set**" with MOLPR0O2022.2.”° Following
this, the PBQFF software program”' is used to displace the
geometry by 0.005S A and 0.00S radians along predefined
normal modes around the equilibrium geometry. This
produces 21709 total points. Single point energies are
computed at each point using the CCSD(T)-F12b/cc-
pCVDZ-F12 method, including corrections for canonical
scalar-relativity. This method, termed “F12-DcCR” (for
explicitly correlated, double-{, core-correlating, relativistic),
has shown excellent accuracy when compared to experimental
values.> These electronic energies are then fit via a least-
squares method, transformed into Cartesian coordinates, and
treated with second-order vibrational perturbation theory
(VPT2)**7° using the program SpECTRO.”” SPECTRO uses
resonance polyad matrices’™” to include resonances (e.g.,
Fermi, Darling-Dennisons, etc.) in the VPT2 treatment and
also allows for the redistribution of intensity via anharmonic
coupling. The accuracies of these methods compared to
experimental benchmarks for F12-TcCR QFF VPT2 anhar-
monic vibrational freguencies are typically within 1.5% of their
experimental values,”” so a similar magnitude is expected here.

The DFT and double-hybrid anharmonic computations for
cyanobenzene and 9-cyanoanthracene follow a similar work-
flow. First, the optimized geometries, normal modes, and
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harmonic frequencies are computed using various methods
with Gaussian 16.°° This includes B3LYP®' and rev-
DSDPBEP86°>®* for cyanobenzene and B3LYP, B3LYP-
D3BJ,°* CAM-B3LYP,* BP86,°° M06-2X,"” @B97-XD,*® and
rev-DSDPBEP86 for 9-cyanoanthracene. A combination of
these methods with the jun- and aug-cc-pVXZ (X = D, T)**%
and NO7D basis sets’’ are used. The NO7D basis set is based
on the 6-31G framework with additional dispersion and
polarization functions added that have been shown to improve
the accuracy of vibrational frequency calculations of large
aromatic molecules.”' The computations were performed using
very tight optimization criteria and a custom integration grid
consisting of 200 radial shells and 974 angular points per shell.
The rev-DSDPBEP86 and B2PLYP-D3BJ functionals are
double-hybrid methods that combine density functional theory
with second-order Moller—Plesset (MP2) electron correlation
and include Grimme’s D3B]J dispersion correction.’* Next, the
normal coordinate QFF (quadratic, cubic, and semidiagonal
quartic force constants) is computed via 0.01 A steps along all
normal coordinates, and a linear transformation is used to
produce a Cartesian coordinate QFF.

Following, VPT2 using SpecTrRO is utilized via two
approaches to compute the anharmonic spectra. In the first
approach, the quadratic, cubic, and semidiagonal quartic force
constants from a single level of theory are used in the VPT2
treatment. The second approach uses a hybrid QFF where the
quadratic force constants from the rev-DSDPBEP86/jun-cc-
pVTZ (abbreviated rDSD-TZ) computations and the cubic
and semidiagonal quartic force constants from the B3LYP/
NO7D computations are used. Additionally, the intensities
from B3LYP/NO7D are used in the VPT2 treatment to
produce spectra with better agreement with experiment. This
overall hybrid method is abbreviated as rDSD-TZ+B3LYP.
Resonances (e.g., Fermi, Darling-Dennisons, etc.) are included
in the VPT2 treatment with an interaction threshold of 200
cm ™" and a minimum value of the interaction between the two
states os 10 cm ™.

The resulting anharmonic spectra are convolved with
Gaussian and Lorentzian line shape functions with varying
full-width at half-maximum values based on the experimental
apparatus used to produce continuous spectra and facilitate
comparison with the experimental spectrum.
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