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Accurate Experimental Structure of 1-Chloronaphthalene

Pablo Pinacho,*" Pablo Gémez, Juan Carlos Lépez,® and Susana Blanco*™

The structure of isolated 1-chloronaphthalene has been inves-
tigated in a supersonic expansion by high-resolution chirped-
pulse Fourier transform microwave (CP-FTMW) spectroscopy in
the 2-8 GHz frequency range. Accurate values of the rotational,
centrifugal distortion, and nuclear quadrupole coupling con-
stants for the only availabe conformer have been determined.

Introduction

Polycyclic aromatic hydrocarbons (PAHSs) are ubiquitous mole-
cules, crucial for humankind for their important applications in
diverse fields; for their astrochemical implications, but also for
their environmental hazard and toxicity."” Naphthalene (C,,Hs)
is the smallest molecule which can be considered a PAH and
thus, it constitutes a good model to start the study of their
structures and intramolecular interactions.”! The substitution of
hydrogen atoms in naphthalene with chlorine atoms (from one
to eight) gives rise to a new family of compounds, polychlori-
nated naphthalenes (PCNs). Chlorine alters to a large extent the
physical and chemical properties of naphthalene, together with
deforming its structure. In naphthalene the C—C bond lengths
can be explained attending to the number of resonance forms
present (Figure S1). By the mesomeric and inductive effects of
chlorine,” new resonance structures appear, distorting the C—C
bonds and angles. On one hand it extracts electronic charge
from the aromatic ring (—I) since chlorine is more electro-
negative than carbon. On the other hand, the lone pairs of
chlorine can participate in the resonance, donating electronic
charge into the ring (+M).

The presence of PCNs in the environment, and the exposure
to them is a topic of increasing interest due to its toxicity and
carcinogenic effects.”® These compounds are nowadays consid-
ered as mayor organic pollutants to be controlled and
reduced.”” PCNs were widely used in the industry for many
years because of their stability, flame resistance and antiviral
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The intensity of the spectrum allowed us to observe all the
heavy atoms isotopologues in natural abundance, determining
their rotational constants. From the extensive experimental
dataset we derived accurate structures for 1-chloronaphthalene
using different methodologies and compared with related
compounds.

and antifungal properties. In the last decades there has been a
decrease in the production and emission of PCNs, and currently
the mayor source is the unintentional formation in industry
processes.”! Apart from their emission, PCNs can also be formed
directly in the atmosphere by the reaction of naphthalene and
free chlorine radical, following a photochemical mechanism.”®

Among the PCNs, one of the most important is 1-
chloronaphthalene (1-Cl-Naph, Figure 1). It is produced by the
direct chlorination of naphthalene, and until the 1970s it was a
common solvent widely used. As other PCNs, 1-CI-Naph can be
formed in the atmosphere by the photochemical reaction of
naphthalene and radical chlorine species. This mechanism could
even happen in the interstellar medium (ISM), due to the
energetic conditions in some regions.”! Recently, 1- and 2-
cyanonaphthalene have been discovered in the ISM.'” This fact,
together with the confirmed presence in the ISM of several
neutral and radical species containing chlorine,"" make 1-CI-
Naph a promising candidate molecule to be detected in the
ISM.

Due to the relevance of 1-Cl-Naph for its search in the ISM,
for its atmospheric reactivity, or its applications in industry,l'"'3
it is interesting to accurately determine its structure in an
isolated environment. Rotational spectroscopy is a powerful
technique to determine molecular structures based on the
rotational fingerprints of the molecules in a supersonic
expansion. The other mono-chlorinated isomer, 2-Cl-
naphthalene (2-Cl-Naph), has been investigated much more in
detail, including its phosphorescence emission spectrum,™ its
electronic spectrum in a molecular beam," or its rotationally
resolved fluorescence excitation spectrum.'® For the latter, a
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Figure 1. Schematic representation of 1-chloronaphthalene (1-Cl-Naph).
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high-resolution study, provides accurate values of the rotational
constants, centrifugal distortion constants, and the nuclear
quadrupole coupling constants for the ground state of 2-Cl-
Naph, together with interesting properties of the excited states.

The band contours of 2-Cl-Naph, 1-CI-Naph and its fluori-
nated analogue, 1-F-naphpthalene, were recorded and analyzed
with vapor-phase electronic absorption spectroscopy.'”'® In
this work, the rotational constants of 1-Cl-Naph in the ground
state were estimated."” The structure of 1-Cl-Naph has been
described by X-ray diffraction,"” however, it has not been
investigated in depth using high-resolution rotational spectro-
scopy.

We had three goals when we started this work. The first one
was to derive an accurate experimental structure for 1-Cl-Naph
and compare with similar compounds to obtain information
about the extension of the inductive and mesomeric effects of
chlorine. The second was to provide a complete dataset for the
search of 1-CINaph in the ISM. Finally, we aimed to set the basis
for future studies of 1-CI-Naph microsolvation.

Experimental and Theoretical Methods

The spectrum was recorded in the chirped-pulse Fourier trans-
form microwave (CP-FTMW)2? spectrometer coupled with
supersonic expansion at the University of Valladolid.?'?? The
sample of 1-Cl-Naph, a colorless liquid, was heated to
approximately 120°C in a stainless steel heated reservoir close
to the pulsed nozzle. The vapors of the sample were mixed with
argon as carrier gas at relative backing pressure of 2 bar. The
molecule was introduced in the vacuum chamber by a super-
sonic expansion pulse of 900 ps length through a 1 mm nozzle.
After the supersonic expansion, the electromagnetic radiation
in the microwave region was generated by an arbitrary wave-
form generator, amplified by a 20 W solid-state amplifier, and
transmitted into the vacuum chamber by a horn antenna. The
radiation interacted with the isolated molecules in the super-
sonic expansion and induced a macroscopic polarization of the
ensemble. Once the radiation pulse ceased, the molecular
emission signal was recorded as the free induction decay in the
time domain. The spectrum was converted to the frequency
domain by the application of a fast Fourier transform. The
spectrometer worked in a fast-frame set-up, with 8 excitation-
emission cycle per each supersonic expansion. The repetition
rate of the supersonic expansion was 5 Hz, giving a total of 40
repetitions per second. A total of 2.3 M averages were collected
for the final spectrum of 1-Cl-Naph. To complete the 2-8 GHz
spectrum three recording steps of 2 GHz each were conducted.
The spectrometer features an uncertainty in frequency meas-
urement better than 15 kHz, and a resolution power better than
25 kHz, enough to resolve the hyperfine structure arising from
the nuclear quadrupole coupling of the *Cl and *Cl nuclei.

No conformational search was carried out for 1-Cl-Naph, as
it is a completely rigid molecule, with only one conformation
(Figure 1). The geometry of the molecule was optimized at the
B3LYP-D3(BJ)/6-311+ +G(2d,p) level of theory,”*? including
Grimme's dispersion correction® and Becke-Johnson damping
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function (D3(BJ)),”® followed by re-optimization at MP2/6-311 +
+G(2d,p).”” The calculations were performed using Gaussian
16 revision A.03.®

Results and Discussion
Assignment of the Rotational Spectrum

The spectrum of 1-Cl-Naph features intense transitions. The
typical pattern of lines with a relative intensity ratio 3:1 was
observed and attributed to the rotational transitions arising
from 1-*Cl-Naph and 1-¥Cl-Naph. Due to the non-spherical
distribution of nuclear charge in both nuclei, each rotational
transition is split in several components, which appear as a
hyperfine structure in the experimental spectrum (Figure 2). The
fit of the experimental parameters and its assignment to the
only conformation of 1-Cl-Naph was straightforward. A prelimi-
nary fit was performed using the JB95 software,”” while the
final measurements and fit were achieved by using the S-
reduced semirigid rotor Hamiltonian in the I' representation®**"
using Pickett's CALPGM suite of programs®” together with the
AABS package.® The rotational constants, centrifugal distortion
constants and quadrupole coupling constants for 1-*°Cl-Naph
and 1-¥Cl-Naph are presented in Table 1.

The signal-to-noise ratio in the 1-Cl-Naph spectrum was
sufficient for the observation of all the monosubstituted heavy
atom isotopologues. We observed intense lines arising from the
molecule with the ¥Cl nucleus with ca. 1/3 the intensity of the
parent spectrum. The spectra arising from the '*C monosub-
stituted isotopomers in natural abundance (1.1%) were also
fitted (Table S1). The experimental frequencies observed for all
the species are collected at the end of the supplementary
information (Tables S5-S7).
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Figure 2. Excerpt of the rotational spectrum of 1-Cl-Naph. The upwards trace
is the experimental spectrum, the downwards trace is a simulation of the
Cl and *’Cl isotopomers, showing the hyperfine structure.
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Table 1. Observed and theoretical (MP2/6-311 + + G(2d,p)) parameters for
1-Cl-Naph.

Parameters® 1-**CI-Naph 1-*"CI-Naph Theoretical
A/MHz 1526.016590(90)"® 1514.03821(11) 1524.7
B/MHz 915.384810(66) 896.760140(87) 9129
C/MHz 572.261814(61) 563.275690(53) 571.0
Dy/kHz 0.0125(10) 0.0158(10) -
Dy/kHz —0.0144(22) —0.0190(28) -
Dy/kHz 0.0504(52) 0.0740(75) -
d,/kHz —0.00556(38) —0.00840(53) -
d,/kHz —0.00082(12) —0.00083(16) -
1.57,0/MHz —21.2918(18) —~19.9303(22) —22.1
025070 —12.64573(52) —9.44200(61) -116
Xar/MHZ 54.686(54) 43.200(69) 52.1
N 555 351 -
o/kHz 29 24 -
|£44]/D Yes Yes -1.3
|| /D Yes Yes 1.0
|uc|/D No No 0.0
Derived

P,Juk? 552,02250(8) 563.49003(8) 553.6
P,,/u/z\2 331.10317(8) 333.72444(8) 3315
P./ul? 0.07219(8) 0.07103(8) 0.0
Xaa/ MHZ —14.1945(12) —13.2868(14) —-14.7
oo/ MHzZ ~18.1941(16) —12.2405(19) ~158
e/ MHZ 32.3887(16) 25.5274(19) 30.6
%/ MHz —70.916(55) —55.967(71) —67.4
Yo MHZ 38.528(55) 30.440(71) 36.8
Xyy/MHZ 32.3887(16) 25.5274(19) 30.6
6 46.047(2) 44.653(2) 45.3
/C—Cl-a /° 47(2)9 46.6
n —0.08657(74) —0.0878(12) —0.092

@A, B, and C are the rotational constants. D,, Dy, Dy, d,, and d, are the
quartic centrifugal distortion constants. y... Xow X @and x.p are the nuclear
quadrupole coupling constants from the fit in the principal inertial axis
system representation. N is the number of quadrupole hyperfine
components fitted. o is the rms deviation of the fit. u, (a=a, b or ¢) are
the electric dipole moment components, Yes or No indicate if a- b- or c-
type transitions have been observed. P, (a=a, b or ¢) are the planar
moments of inertia, these are derived from the moments of inertia /, as for
example P.= (I, +1l,—1J/2. Y Yy %2 are the nuclear quadrupole coupling
constants in the principal quadrupole coupling axis system obtained by
diagonalization of the quadrupole coupling tensor. 6 is the angle between
the a and z axes. /C—Cl-a is the angle of the CI-C bond with the a axis
calculated from the r, " and theoretical structures. 1=Kz is the
nuclear quadrupole asymmetry parameter. ' Standard errors in parenthe-
ses in units of the last digit. 9 Since the molecule is planar the ¢ axis is
parallel to the y axis, so diagonalization of the experimental tensor is
equivalent to a rotation of an angle 6 around the c axis.
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Experimental Structure of 1-Cl-Naph

As expected, 1-Cl-Naph is a planar molecule as confirmed
experimentally by the small value of P, (Table 1), and the lack of
U dipole moment. For the rest of the structure discussion, the
molecule will be treated as effectively planar with the atoms
laying in the ab inertial plane (Figure S2). We determined the
experimental structure of 1-Cl-Naph employing different meth-
ods thanks to the observation of all the heavy atom isotopo-
logues. The first methodology, the substitution structure (r,), is
based on solving the Kraitchmann®***! equations to obtain
atomic coordinates in the molecular frame. The Kraitchman
method assumes that the bond lengths do not change upon
isotopic substitution. The Kraitchman equations were solved
using the KRA software (Table S2) available at the PROSPE
webpage.’¥ The bond distances and angles were obtained
from the atomic coordinates using the EVAL tool (Table S3). An
alternative is to determine the effective structure®” (r). It is
obtained by performing a least-squares fit of critical bond
lengths, bond angles and dihedral angles to reproduce the
moments of inertia of the molecule in the vibrational ground
state. The r, structure can be improved by including correcting
parameters accounting for molecular vibrations, leading to the
mass-dependent structure,*® r.". For both the r, and r,"
structures the C—H bond distances were kept fixed to the
theoretical values, and the experimental structures were
obtained by floating certain bond distances and angles
(Table S4) using the STRFIT software.® The rest of the
parameters were derived from the atomic coordinates using
EVAL. Table 2 presents the bond distances obtained with the r,,
ro, and r,"” methods for 1-Cl-Naph compared with the
theoretical structure, r,, given by quantum-chemical computa-
tions (Table 2), and with the X-ray diffraction results."” The
complete results for all the methods are collected in Tables S2-
S3. It is noteworthy to highlight the excellent agreement
between all methods, except for the r, values concerning C,,
which, owing to its proximity to the a axis, leads to an

Table 2. Comparison of the experimental and theoretical (MP2/6-311 + +
G(2d,p)) bond distances for 1-Cl-Naph. Atom labelling in Figure 1. The
partial X-ray data correspond to liquid phase.
X-ray'’ r, ro ra® I,

C,-G,/A 1.36 - 1.37(8) 1.38(1) 1.378
C,-Cy/A 141 1.415(2) 141(2) 1.410(4) 1.411
C-C/A - 1.367(3) 1.39(4) 1.387(6) 1.378
C,-Co/A - 1.425(2) 1.42(3) 1.421(5) 1416
Cs-Co/A - 1.424(1) 1.42(2) 1.422(4) 1417
Cs-Co/A - 1.367(3) 1.38(4) 1.376(7) 1.378
Ce-C,/A - 1.425(2) 1.42(2) 1.422(4) 1412
C,-Cy/A - 1.382(3) 1.37(3) 1.375(5) 1.380
Ce-Co/A - 1.47(1) 1.43(6) 1.43(1) 1.416
CoCio/A - 1.49(2) 1.41(3) 141(1) 1435
C,-Co/A 142 - 1.41(5) 1.414(6) 1.419
C1—C|//:\ 1.71 - 1.74(6) 1.74(1) 1.748
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imaginary value, a drawback of the substitution method. The
" structure is presented in an overlay with the theoretical one
in Figure 3.

It is interesting to compare 1-Cl-Naph, not only with the
theoretical geometry, but also with the geometry of similar
compounds. The first idea would be to contrast the bond
lengths and angles with those of naphthalene; however,
naphthalene has no permanent dipole moment, and thus it
cannot be studied by microwave spectroscopy. For that reason,
we compared 1-Cl-Naph with the solid-state X-ray crystallog-
raphy structure of naphthalene (Figure S3).“°*" Due to the high
symmetry of naphthalene, it can be described with only four
C—C bonds, and three angles (Figures ST and S3). As explained
before, there are several resonance forms arising from the n-
electron delocalization (Figure S4), which determine the bond
lengths. Due to this, the C;-C, distance (equivalent to C;-C,, Cs-
Cs, and C,-Cg), has more double bond character than C,-C,, G-
C;, and Cy-Cyo. In 1-Cl-Naph, the chlorine nucleus alters the
naphthalene structure by the induction (—I) and mesomeric (+
M) effects, distorting the nearby C—C bonds and angles. The
most noticeable outcome is a subtle shortening of the C;-C,

Figure 3. Overlay of the r,,"” structure of 1-CI-Naph (inner solid spheres) with
the r, structure (outer semi-transparent balls and sticks model).

bonds, and an opening of the C,-C;-C, angle compared to
naphthalene. Those distortions are magnified in the chemical
structures of Figure S3 for a better visualization.

A similar opening of the C-C-C angle centered at the carbon
bonded to chlorine atom also happens in the smaller analogue,
1-chlorobenzene  (Figure S3),  studied by  microwave
spectroscopy.**

To analyze in depth the —I and + M effects of chlorine over
naphthalene would require to study the experimental structure
of the other isomer, 2-CI-Naph, or other PCNs. Accurate rota-
tional constants and nuclear quadrupole coupling constants for
2-Cl-Naph have been described."®'” However, the r, r,, or r,"”
structures for this molecule have not been derived. The subtle
balance on the structure due to the -l and + M effects could be
also characterized by exploring other halogenated naphtha-
lenes. There has been an intense work around fluoronaphtha-
lene, with several studies reporting precise molecular structures
1184443 However, as in the case of 2-Cl-Naph, its experimental
structure remains elusive, constraining the available information
of bond distances and angles to theoretical values. In the case
of bromonapththalene it has been much less investigated,
leaving the door open for future studies.

The quadrupole coupling tensor y** of *Cl and ¥Cl atoms
has been determined from the fitting of the hyperfine structure
of 1-Cl-Naph. Since the molecular plane is coincident with the
ab inertial plane, the quadrupole coupling tensor has only a
non-zero off-diagonal element, y,,. The ¢ inertial axis is parallel
to one of the quadrupole principal axis, let’s say y. According to
this, the quadrupole coupling constant y. can be identified
with yx,, and the diagonalization of the ™ tensor to obtain the
X tensor in the principal quadrupole coupling axes is
equivalent to a rotation of an angle 6 around the c inertial axis.
The results of this diagonalization are given in Table 1 and
Table 3. The diagonal quadrupole coupling tensor element,
Xyy = X directly determined from the analysis of the rotational
spectrum, can be taken to calculate the ratio y,,(**Cl)/y,,(*’Cl) =
1.26878(16) which is in excellent agreement with the best value

Table 3. Experimental rotational constants and nuclear quadrupole coupling constants for 1-Cl-Naph, 2-Cl-Naph, and chlorobenzene.

1-CI-Naph 2-Cl-Naph® Chlorobenzene™
Parameters' ql el el cl el el
A/MHz 1526.016590(90) 1514.03821(11) 2731.9361(1) 2727.1325(1) 5672.27687(16) 5672.27476(82)
B/MHz 915.384810(66) 896.760140(87) 581.67545(3) 567.56056(6) 1576.786667(18) 1532.788685(34)
C/MHz 572.261814(61) 563.275690(53) 479.65182(3) 469.870(6) 1233.675023(18) 1206.574989(33)
X2/ MHz —70.916(55) —55.967(71) —71.198(5) —56.095(8) —71.2359(11) —56.1445(16)
Yo MHZ 38.528(55) 30.440(71) 38.318(5) 30.18 38.21533(57) 30.1200(27)
Yyy/MHZ 32.3887(16) 25.5274(19) 32.880 2591 32.0205(16) 26.0244(27)
n —0.08657(74) —0.0878(12) —0.07638(5) —0.0761(3) —0.072924(11) —0.072925(90)
Ty, TCN 1.26878(16) 12692 1.23040(14)

Bl From reference 16. ™ From reference 47. ' A, B, and C are the rotational constants. ¥,,, Ay Xz @re the nuclear quadrupole coupling constants in the
principal quadrupole coupling axis system obtained by diagonalization of the quadrupole coupling tensor. 1= (y,,~x,,)/x.. is the nuclear quadrupole
asymmetry parameter. ¥ Standard errors in parentheses in units of the last digit.  The quadrupole moments ratio for Q°Cl)/Q(*’Cl) is 1.26889(3)

[46]
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of the quadrupole moments ratio, Q(**Cl)/Q(*'Cl) = 1.26889(3)."
The angle 6=46.047(2)° is calculated from the diagonalization
of the quadrupole coupling tensor as the angle between the a
inertial axis and the quadrupole coupling axis z. In molecules

with a single CI-C bond the asymmetry parameter 7 = -——
gives a measure of the deviation of the y** tensor from the
cylindrical symmetry around the z axis. This axis is usually
coincident with the CI-C bond as occurs for 1-Cl-Naph for
which the angle formed by this bond with the a inertial axis has
been calculated from the r," structure to be 47(2)° (see
Table 1), in excellent agreement with the diagonalization 6
value.

(6 —19)
P

The values of the quadrupole coupling constants obtained
for 1-Cl-Naph are comparable to those reported for 2-Cl-
Naph,'® and for chlorobenzene™” (Table 3). In the three cases 7
has a low value that indicates a small degree of n bonding
character showing an excess of n, electron density with respect
to n,. This excess seems to be slightly higher in 1-Cl-Naph with
respect to 2-Cl-Naph and chlorobenzene.

Conclusions

We analyzed the gas-phase structure of 1-chloronaphthalene by
chirped-pulse Fourier transform microwave spectroscopy
coupled with supersonic expansion. The experimental spectrum
featured a hyperfine structure arising from the nuclear quadru-
pole coupling of the *Cl and *’Cl nucleus. A single conformer
was predicted by theoretical computations guiding a straight-
forward assignment. We detected all the heavy atoms isotopo-
logues, which allowed us determining a precise experimental
structure for 1-Cl-Naph following different approaches. All the
experimental structures are consistent with a C—C bond lengths
shortening together with the opening of the C—C—C angle,
relative to pure naphthalene. The comparison of our data and
the data obtained with other techniques, such as rotationally
resolved high-resolution electronic spectroscopy, can provide
important information about the properties of PCNs. Our work
sets the basis for future microsolvation studies of 1-Cl-Naph and
provides precise parameters for the search of this molecule in
the ISM.
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