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The naphthyl anion (GH7~, naphthalenide) is prepared in a flow tube reactor by proton transfer between
NH,~ and naphthalene (gs). The photoelectron spectrum of this anion is measured at a fixed laser wavelength
of 364 nm. A single electronic band is observed, corresponding to the neutral naphthyl radighl (C
naphthalenyl). The FranekCondon profiles for both 1-naphthyé{naphthyl) and 2-naphthyj3tnaphthyl)

are simulated on the basis of density functional theory calculations of the vibrational frequencies and normal
coordinates. Issues involving Frane€ondon simulations for large polyatomic molecules and Duschinsky
rotation are discussed, and improved Fran€london simulation algorithms are presented. Comparison of
the Franck-Condon simulations with the photoelectron spectrum shows that the observed band is predominantly
due to the 1-naphthyl isomer, consistent with previous measurements showing the 1-naphthyl anion as more
stable than the 2-naphthyl anion. The observed electron affinity of the 1-naphthyl radicaj(lsG/H;) =

1.403+ 0.015 eV. On the basis of an evaluation of literature data, the recommended gas-phase acidity of
naphthalene i2\,cigH208(1-CioH7;—H) = 1649+ 14 kJ/mol and the recommended bond dissociation energy

of naphthalene i®Hpeg(1-CioH,—H) = 472 4 14 kd/mol.

Introduction Meot-Ner et al® used proton-transfer equilibrium studies with
high-pressure mass spectrometry (HPMS) to measure the gas-
phase acidity of naphthalene. Two isomers can be formed upon
deprotonation, either 1-naphthyd) or 2-naphthyl §) anions.
Meot-Ner et al. predicted on the basis of AM1 calculations that
1-CioH7~ is more stable. The relative gas-phase acidities of

éwaphthalene to form 1-naphthyl and 2-naphthyl anions and the

relative electron affinities of the 1-naphthyl ane-2aphthyl
radicals have been reported recently, using kinetic correlation
methods® Reed and Kasaised ion cyclotron resonance (ICR)
mass spectrometry with the DePuy silane cleavage kinetics
method*15to estimate the relative proton affinities of 1-naphthyl
and 2-naphthyl anions, using methane, ethane, cyclopropane,
dethene, and benzene as calibration acids. The 1- and 2-tri-
methylsilylnaphthalenes were synthesized to obtain selective
acidities for each deprotonation site, via the competitive reaction
with OH™ to form naphthalene or methane. Their work confirms
that removal of the proton from naphthalene at shposition
to form the 1-GoH7~ anion is favored (smaller value df;¢idH)
using negative ion_p_hotoelectron Spectroscopy and_we reevaluat@ynjon (Table 1). Reed and Kdsalso obtained the electron
the gas-phase acidity and the CH bond dissociation energy ofaffinities of 1-naphthyl and 2-naphthyl radicals using the single-
naphthalene, Hg. reference versidf of the Cooks kinetic methot;8with SO,
Previous valqe_s of the gas-phasg acidity of naphthalene andys the reference anion and phengtbenzyne, ana-benzyne
the electron affinity of naphthyl radical are shown in Table 1. anjons as calibration species. The logarithm of the ion ratio for
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Polycyclic aromatic hydrocarbons (PAHs) are of interest
because of their role in combustid# their possible presence
in interstellar environmenfsand their carcinogenic propertiés.
The radicals of PAHs are reaction intermediates in various
combustion processes leading to fullerene and soot formafion.
For these reasons, the CH bond dissociation energies of bénzen
and polycyclic aromatic hydrocarbdits0 have been recent
targets of experimental and theoretical study.

Gas-phase ion chemistry and mass spectrometry provide
valuable methods for determination of thermochemical stabilities
of neutral hydrocarbon radical!? The negative ion thermo-
chemical cycle given by eq 1 relates the & bond dissociation
energies of a neutral hydrocarbon to its gas-phase acidity an
the electron affinity of the radical.

D(R—H) = A, H(RH) + EA(R) — IE(H) 1)
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TABLE 1: Thermochemistry of Naphthyl and Naphthalene

HPMS equilibrium ICR kinetics QPMS kinetics
method (Meot-Ner et ald) (Reed & Kasy (Lardin et al?) this work
Electron Affinities/eV
EA(1-CioH7) 1.37+0.02 1.43+0.06 1.403+ 0.01%
EAo(2-CioH7) 1.30+0.02 1.37£0.04 1.34°05%
OEAq 0.07+ 0.03 0.06+0.07 >0.0%
Gas-Phase Acidities/kJ ndl
AacidH208(1-CroH7—H) 16494 5 (16424 13y 1656+ 6° 1648+ 20° 16494 14
AacidH208(2-CroH7—H) 1661+ 5° 1664+ 20° 1659+ 200
OAacidH208 —54+8 —15+9
Bond Dissociation Enthalpies/kJ mél

D20g(1-CioH7—H) 469+5 474+ 22 4724 14
D2gg(2-CioH7—H) 468+ 5 483+ 21 4764 200
0D2gs -1.44+9 9.2+ 11

aMeasured electron affinity from photoelectron spectr@i@alculated from EA(1-CioH7) using average relative valWsEA from the kinetics
experiments¢ Limit based on FranckCondon simulations, see teftReevaluated from data of Meot-Ner et al., see tektirectly measured
values, not calibrated to equilibrium valuéRecommend value based on average of previous literature resGhfculated fromAacidHzos
(1-CioH7—H) using average relative value 6f\,¢idH208 from the kinetics experiment8.Calculated using eq 1.

radicals (larger electron affinity for 14gH7, Table 1). More Photoelectron Spectroscopy Experiment
recently, Lardin et al. applied the same kinetic correlation
methods for the determination of the naphthalene gas-phasee
acidities and naphthyl electron affinities. They employed a
flowing afterglow/triple quadrupole mass spectrometer (QPMS)
instrument with variable collision energy and they used different
sets of calibration compounds (methane, benzene, and propylen
for the gas-phase acidities apdbenzyne, phenyp-chlorophynl,
m-bromobenzyl p-bromobenyzlm-chlorobenzyl, ang-chlo-
robenzyl anions for the electron affinities). They also used a
version of the Cooks kinetic method that includes an analysis
of entropy effect§:1°2°As shown in Table 1, the primary results
of the two experiments showing that the 1-naphthyl anion is
slightly more stable than the 2-naphthyl anion are in good
accord®® Using eq 1, these kinetic results imply that the
difference between the bond dissociation energies for removal
of H from naphthalene at the two possible sit®9,95 = D2gg

The experiments are conducted using a negative ion photo-
lectron spectrometer that has been described in detail
previously?4-26. The negative ion source is a microwave
discharge in a flowing afterglow flow tube reactor operating at
0.36-0.44 Torr of helium buffer gas and a nominal temperature
Bf 300 K. lons are extracted from the flow tube through an
aperture, focused into an ion beam and accelerated to 735 eV,
mass selected with a Wien velocity filter, and then decelerated
to 40 eV in the interaction region. There the ions are crossed
by a continuous laser beam at a wavelength of 364 nm (3.408
eV photon energy) from an argon ion laser, which is amplified
in an external power build-up cavi®.The kinetic energies of

the photodetached electrons are measured with a hemispherical
electrostatic electron energy analyzer coupled with a position-
sensitive detectdt* The absolute energy scale of the spectrom-

i i ; — 1 30
(-CufH) ~ Dz Gy H). s smallr than e e o e bbby o0y 77
tainties. o ) ) + 0.005 eV. A small linear correction (0.24% in this work)

The kinetic correlation methods used by these previous that accounts for an energy scale compression of the hemi-
studie&® should give reasonable estimates of thiative gas-  spherical analyzer is determined from the fine structure splittings
phase acidities and electron affinities of the two naphthyl of tungsten atoms in the photoelectron spectrum of. Whe
isomers. Both kinetic methods rely on the competition between jhstrumental resolution of 1015 meV (full-width at half-
two product channels from an intermediate or complex, with maximum) is determined from Cand NH,~ calibration spectra
the two rates being correlated with the thermochemical stability tgken during each experimental session. All spectra are taken
of the products. Kinetic method results are affected by the with the laser polarization at the magic angle of 34dative
complexation energy, the size of the complexes, the experi- o the direction of photoelectron detection, giving intensities

mental energy distributions, and the intrinsic nature of the proportional to the total photodetachment cross section.
transition state$'182-23 Because the two naphthylisomers have | this work, naphthyl anions (GH;") are produced by

very similar electronic and geometric structures in both the anion reaction 2 in the flowing afterglow source.

and neutral states, these kinetic factors controlling the decom-

position of intermediates, namely the well depths and dissocia- NH,  + C,Hg— NH; + C;H;~ 2)

tion transition states, should be very similar so that the relative

dissociation rates are mainly controlled by the differences in Use of O or OH™ as precursor ions did not give sufficient
the energies rather than entropic factors. Because the calibratiorintensities of GoH7;~. Amide anions (NH™) are produced by
compounds are less similar to naphthalene, however, andadding ammonia gas as precursor upstream of the microwave
because the correlations involve extrapolations outside the rangalischarge. Naphthalene vapor from a gently heated sample of
of electron affinities and gas-phase acidities of the parent the solid is introduced into the flow tube downstream of the
calibration compounds, thabsolutethermochemical values discharge. Because both MHand GgH;~ are strong bases,
obtained by the kinetic correlation methods are less certain. It they react exothermically by proton transfer with water impuri-
is encouraging that the two ion kinetics experiments using ties in the flow tube. Obtaining high intensities of biHequired

different instrumentation give similar resuft8. Neverthe- using high-purity helium (Spectra Gases, 99.9999%) for the flow
less, it is useful to obtain an independent absolute measurementube buffer gas. Reaction 2 is sufficiently exergoHid\,Gzog
of the electron affinity of naphthyl, a primary goal of this = —54 + 5 kJ/mol, that this reaction is irreversible under the

work. flow tube conditions. In the kinetic limit where reaction 2 does
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Electron Kinetic Energy / eV liquid nitrogen to obtain spectra at a lower anion tempera-
L2 s s ture 3334 put this resulted mainly in a decrease ind;~ ion
intensity, possibly due to reduction in the partial pressure of
- naphthalene vapor. Photoelectron spectra of the naphthyl anion
band obtained while cooling the flow tube, as well as under a
variety of other source conditions, showed no significant
variations.

CoH, +hv=>C H, +¢
hv=3.408 ¢V

1000 +

800 4

5 The mass resolution of the Wien filter isVAm ~ 30,

% 600 - L insufficient to separate varioug g~ species in the ion beam.

£ Under some source conditions, particularly wheni@ns are

§ o present in the flow tube, we observe weak bands in addition to
2400_ l L CioH7~ (m/z 127) that are similar to the spectrum of the

o0-benzyne aniof® CgH4~, which is formed by reaction of O

with benzené® These features are therefore assigned to naph-
- thyne anion, GHe~ (m/z 126), corresponding to # removal

from naphthalene (two isomers are possible). This spectrum has
a broad transition at electron binding energies of 8.7@1

eV corresponding to the singlet transition in benzyne and a sharp
peak at an electron binding energy of 2.50 0.03 eV
corresponding to the more vertical triplet transition in benzyne.
Figure 1. Experimental negative ion photoelectron spectrum gHg- The two naphthyne bands disappear simultaneously when the
at a laser wavelength of 364 nihi(= 3.408 eV). The photoelectron  ggoyrce conditions are optimized fogg8;~ and are not analyzed
intensities are plotted as a function of the_ m_easured electron kinetic further here. We also observe a weak sharp peak at a binding
energy (top) and the calculated electron binding energy (bottom). energy of 3.06 eV, which is assigned to a smal(iz 127)
impurity in the ion beam. No photodetachment at low electron
binding energies is observed that could be attributed to the parent
naphthalene anion, ;gHs~ (M/z 128). This negative result is
consistent with recent studies showing that the naphthalene anion
ié.‘ not electronically stable in the gas phdsé

200 4

2.4 2.1 18 1.5
Electron Binding Energy / eV

not discriminate between the formation of the two isomers, 50%
each of 1-GoH7;~ and 2-GgH7~ would be produced, although
the 1-GoH7~ anion is slightly favored energetically (Table 1).
However, the GH;~ anions can undergo further collisions with
the naphthalene precursor gas, leading to exchange between th
two Iisomers, reaction 3. Molecular Structure Calculations

1-C,H, + CyHg = C;Hg + 2-C,H,~ ©) The isomeric identity of the species giving rise to the observed_
photoelectron spectrum cannot be determined solely on the basis
of the experimental data. We use density functional theory
(DFT) calculations to help distinguish the 487 and 2-GoH~
isomers. We use DFT with the Becke3-LYP functidhhkcause

it has been shown to yield reliable frequené?&s and it is
computationally efficient for large molecules. The geometries,
vibrational frequencies, and vibrational normal coordinates for
the anions and neutrals of both isomers are calculated with the
IBecke3-LYP function&P and the aug-cc-pVDZ basis $&tising
Gaussian982 For accurate geometries and vibrational coordinate
information, the geometries were optimized with the “tight”
convergence criterion and the density functional calculations
used the “ultrafine” integration grid for DFT in Gaussiarf98*

d The calculated B3LYP/aug-cc-pVDZ geometry changes
é)etween the anion and neutral for the two isomers are depicted
In Figure 2. Removal of @ electron from the anion to form
the neutral radical results in an increase in the interior CCC

In the limit that equilibrium is achieved at 300 K, the previous
estimates of the relative gas-phase acidities at the two proton
sites yield concentrations of the less stable 2-naphthyl anion
isomer of 11% usin@AacidH29s from Reed and Kador 0.2%
using the value from Lardin et 8l(see Table 1). Considering
the uncertainties, as well as a possibly higher actual ion
temperature of up to about 350 K on the basis of hot band
intensities as discussed below, concentrations of 2-naphthy
anion from 0.01% to 53% are possible. Thus, our spectral
analysis must consider the presence of both isomers in the ion
beam.

The experimental photoelectron spectrum ofgHG~ is
presented in Figure 1. This spectrum is a composite, summe
from three separate experimental sessions, but all analyse
discussed below are based on the original individual spectra.

The identity of the naphthyl aniom{z 127) is assigned initially . . _
. S bond angle at the deprotonation site. For {tHG ~— 1-CyoH7
by its similarity in structure to the knowh photoelectron the angle increases from 112.@ 126.6 and for 2-GoH —

spectrum of phenyl anion,¢8ls~. A broad electronic band as a . :
observed generally indicates a fairly large geometry change .2'C10H7 the angle mcreases_from 112'f°. 126'3.’ €., an
between the anion and neutral. A preliminary analysis, con- increase of about P4for both isomers. This relatively large

firmed below, identifies the 60 vibrational origin peak at 1.4 Chaf‘ge in anglells consistent with the broad FrarClndon

eV electron binding energy, with several partially resolved profile observe@ n Elgure L Complgte geometry and frequency
vibrational transitions at higher electron binding energies. The data are provided in the_ Supporting Information. There are
origin and first vibrational transition have an observed separation several modes of each isomer that would ”_‘?a”y match the
of 606+ 20 cnT?l, corresponding to the fundamental frequency frequency of the observed fundamental transition.

of a mode in the neutral. A small feature at lower electron
binding energy than the origin, with a separation of 5630
cm™L, is either a vibrational hot band (as argued below) or else  Because the differences between the spectra ofithed 5

it could be due to the less stable isomer of the anion. Both of isomers are likely to be subtle, it is important that the Franck
these peaks could be composed of several unresolved vibrationaCondon profile simulations be accurate. Many variations of
transitions. An attempt was made to cool the flow tube with methods for calculating FranelCondon factors have been

Franck—Condon Simulation Procedure
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o—naphthyl TABLE 2: Calculated Frequencies and Geometry
Displacement$
frequency/cm?
—&- 1-C H,~ anion  neutral K"/(g/mol}?A  K'/(g/mol)2A Ji
e _ . 1-CH; — 1-C,H+~
1-Cutty 620.4 628.2 0.4072 —0.4302 0.9938
929.3 924.4 0.2467 —0.2400 0.9895
754.1 774.2 0.1981 —0.2203 0.9845
509.6 502.3 0.2048 —0.2264 0.9899
p-naphthyl 5147  521.2 0.2692 —0.2098 0.9882
1116.2  1136.0 —0.1158 0.1077 0.9615
1506.9  1516.3 0.0469 —0.0490 0.9553
-@— 2-C H,~ 801.4 794.2 —0.0678 0.0664 0.9835
2-CioH7 — 2-CioH7~
~O- 2.c 4y 789.8  789.5 0.3352 -0.3388 0.9733
506.0 518.5 0.4207 —0.4167 0.8016
925.5 927.1 —0.2276 0.2147 0.9940
Figure 2. Geometry changes for the transitions 1g#; <— 1-CioH7~ 769.8 767.3 —0.0478 0.1312 0.9699
(o) and 2-GoH7 < 2-CioH7~ (B) as calculated by density functional 363.5 375.6 —0.1772 0.1755 0.9979
theory at the B3LYP/aug-cc-pVDZ level. Complete geometries are  635.0 625.4 0.1139 —-0.1212 0.9899
presented in the Supporting Information. 520.7 509.0 0.1396 0.1356 0.7940
1002.3  1050.1 0.1218 —0.0841 0.7473

. . . .
presented in the literatuf, > but most of these are suitable a Calculated at the B3LYP/aug-cc-pVDZ level. Values for the eight

or_lly for a small number of active r_n_odes om0 K_ spectra most-active modes are listed; entries for all 45 modes are provided in
without hot ba_nds. We have modified our previous proce- the Supporting Information.
duregt3+52for simulation of Franck Condon profiles to handle
large polyatomic molecules including hot bands. ) ) ) ) ]
The vibrational normal mode vectors in mass-weighted a@ssignments. That is, two different modes in the anion match

Cartesian coordinates for the anid@!’, and for the neutral, with a single mode in the neutral state while another mode in

Q', are related by eq 4: the upper state has a somewhat smaller dot product magnitude
and is not matched. In that case, these modes are reassigned
Q'=J'Q"+K" 4) manually to maximize the overall overlap between the two

- ) . . . states. FCFGAUS also sorts the modes so ffafs block
whereJ" is the Duschinsky rotation matrix ark” is a vector  giagonal, with separate blocks for the totally symmetric modes
of geometry d|spl_acements along_each_normal mode in the anion.(in_plane for naphthyl) and nontotally symmetric modes (out-
Duschinsky rotation and the relationships between these normalof_p|ane)_

mode coordinates agggfs‘se internal coordinat(’e's hav‘?, been Taple 2 presents the frequencies and displacements for the
described previousi:#75+°3 Here we determind” and K modes with the largest Franeicondon displacements for the
from the normal coordinate vectors and geometries calculatedyyq isomers (the data for all modes are included in the
by Gaussian98, extracted from the _Gaus_5|an output files usingsypporting Information). The 628 crhfrequency of the most-

a Fortran program (FgFGAUS) derlveo! in part from code by 4ctive mode of the 1-GH; isomer matches the 6@6 20 cnrt

Chen and co-worker8:>*The Eckart condition is used to ensure - gnacing of the observed fundamental progression, a better match
thatJ" does not introduce rotational motion between the tWo 450 the 789 cmt and 520 crmt frequencies of the two most-

states, as described by Chén. _ active modes for 2-GH-. However, because both isomers have
The parallel mode approximation neglects Duschinsky rota- giher active modes with similar frequencies, a firm assignment

tion by settingd” = I, the identity matrix. A major computa-  yjthout a complete simulation of the Frane€ondon profiles
tional advantage of the parallel mode approximation is that the \youid pe difficult.

Franck-Condon factors for transitions involving combinations The Franck-Condon factors are calculated by our revised

of modes'are giyen as a product of the Fran€london factors Fortran program PESCA$ using two methods, both in the
for one-dimensional systems, eq 5, independent harmonic oscillator, normal mode approximation
n and including hot bands. (1) In the parallel mode approximation
O PN R IO T T AT B T neglecting Duschinsky rotation, Franeondon factors are
By vy vy oy vy gy B EULAE NG obtained using the recursion relation method of Hutchi€son
with the vibrational frequencies and tKé displacement vector
wherey’ andy;"" are the number of quanta excited in maaé as input, as described previoud®??(2) To include Duschinsky
the neutral and anion, respectively. In the parallel mode rotation, the FranckCondon factors are calculated using the
approximation, the normal mode displacement vector in the basisalgorithm of Cherf! which is based upon the generating
of the normal coordinates of the upper neutral stite,= function method of Sharp and Rosenst8¢lRESCAL is also
—(J")TK", should be useef For this purpose, FCFGAUS capable of calculating FranelCondon factors for independent
matches the normal coordinate vectors with the greatest overlapMorse oscillators or other one-dimensional potentials as de-
(largest dot product magnitudes) between the anion and neutralscribed previously®26:52put we limit our calculations here to
states. Otherwise, the vibrational modes output by Gaussian98harmonic oscillators because no reliable information about
are ordered simply by increasing vibrational frequency, resulting vibrational anharmonicities for naphthyl anions or radicals is
in possible mismatches between the two states, especially inavailable from either the experiment or theory.
large polyatomic systems with many modes of similar frequen-  The treatment of Duschinsky rotation requires #eC, and
cies. For both 1- and 2-naphthyl, there are several modes forE matrixes and3 andD vectors of coefficients, as defined by
which this automatic matching procedure does not give unique Sharp and Rosensto¢kwhich are calculated by PESCAL from
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J", K", and the vibrational frequencies. For cold bands, Duschinsky mixing with nontotally symmetric modes. Therefore,
transitions from the ground vibrational state of the anion, the the Franck-Condon factor is the product of two smaller
Chen algorithm is used directly with code adapted from Chen calculations, eq 6,

and co-worker8# For hot bands, transitions from vibrationally

excited anions, we have corrected the Chen algorithm on the [,'v, vy ..v, v, v, vy ..v, [ =

basis of comparison with the direct power series expansion
method of Sharp and Rosenstock. In particular, wherea# the
andC matrixes are symmetric and only the coefficients in the y'v, vy, vn(a..)|vl"v2”v3"...vn(uy.)”ﬁ (6)
upper or lower triangle are needed, tBematrix is nonsym-

metric, leading to various terms for hot combination bands (i.e., wheren(a@) is the number of totally symmetric modes am(d'")
L'y ..y .. .Oransitions) including the matrix elements  is the number of nontotally symmetric modes. Equation 6 can
Ej and E; that were not properly included by Che¥R4 The represent a huge time saving because the computational effort
Franck-Condon factor expressions generated by the correcteddepends factorially on the number of modes. Also, the Franck
Chen algorithm have been verified using a symbolic mathemat- Condon factors for the nontotally symmetric transitions need
ics program (MapleV, Waterloo Maple, Inc.) to carry out the be calculated only once, and then can be applied multiplicatively
Sharp and Rosenstock power series expansion explicitly. Thisto the previously calculated distribution of transitions and
procedure avoids errors that easily atit®th the table of factor  intensities (stick spectrum) for the totally symmetric modes, with
expressions in the original Sharp and Rosenstock papad the appropriate energy offsets.

the corrected and extended table by Botter €% alontain A further increase in speed can be obtained by a compromise
typographic or algebraic errors. Explicit expressions for the between the parallel mode approximation and the full Duschin-
Franck-Condon factors for selected transitions are included in sky treatment. We use the multiplicative approximation given
the Supporting Information for reference. by eq 7,

For polyatomic molecules, the number of possible vibrational "
transitions and therefore the computational effort grows facto- 1/ V2 v'.vy [v"vy 'v3".v 'O =

! ! ! n n n n
W'V V3 o Va1 "V V" Vi) @ x

rially with the number of modes and neutral or anion quanta @, v, vy v 0O, v, vy v "0 ....0 8 x
excited. For naphthyl with 17 atoms and 45 vibrational modes, L 3n m Ot Gy V5"V O 1.
calculating or even explicitly enumerating all possible transitions 0 ' "

\ . AT .0_1%/0,41---0410;...0_1%"0, 1.0, (7
is computationally prohibitive. The total number of vibrational i:ul 100 Ot Q01 Q-0 Q1 (7)

states (all combinations of modes) for the neutral 1-naphthyl

radical up to 1 eV above the origin is 14 10'° as calculated where @ means zero quanta are excited in modi eq 7,m
using the Beyer Swinehart algorithn¥” With the inclusion of modes with significant Duschinsky mixing are treated exactly
vibrationally excited anions, the number of possible transitions but the remaining modes are calculated as a product of single-
expands enormously. Fortunately, the vast majority of these mode transitions (precalculated and stored). The diagonal matrix
transitions have small FranelCondon factors or anion state  elements of thed” Duschinsky matrix,J;"’, are used to gauge
populations and can be neglected. We have implemehied whether individual modes need to be treated exactly. For the
“intelligent” scheme that attempts to calculate only the important naphthyl spectrum, we find that the criteriai''| > 0.97 for
transitions: (1) We start by stepping through the levels of the using the multiplicative approximation for modgields results
upper state by incrementing the first mode up to a predeterminedthat are in near-exact agreement with the full Duschinsky
maximum number of quanta, then carrying over to the next treatment.

mode. The maximum level for each mode is set by energy limits ~ PESCAL further allows frequencies, geometry displacements,
and by single-mode FraneiCondon factors. (2) If any transition  hot band temperatures, peak widths, the energy of the origin,
is above the energy limit for the simulation, all higher transitions and overall band intensities to be optimized by nonlinear least-
involving that mode are skipped and the next mode is incre- squares fits to experimental spectra. In the present work, only
mented. (3) If any transition intensity is below a cutoff value, the electron affinity (energy of the origin), overall band intensity
a test is made whether higher levels of that mode can be skipped(scaling factor), peak widths, and anion temperatures are
This test is based on the normal profiles of Fran€london optimized to fit the experimental spectra.

bands for harmonic oscillators and relies on the single-mode

Franck-Condon factors for the currently incrementing mode. Performance of the Franck—Condon Simulations

Specifically, higher levels are skipped if bofi + 1/"'(2 and Initially considering cold bands only (0 K anions), for

@' + 2/ are less thaf'|v"Band if o/ = o for thatmode. 1 naphthyl a converged FraneEondon simulation (band
(4) After incrementing through all modes of the upper state, profile within 1%) requires including the 17 most-active modes
the lower state levels are incremented mode by mode in an outenyith 5 cutoff threshold of 0.001% relative to the origin. At this
loop. (5) We take advantage of the sparsity of the number of |eye| 5.5 10¢ transition intensities are above the cutoff out
modes excited in many transitions by reducing the calculation 4 the 130 possible transitions up to 1 eV. On a 733 MHz
of each transition to only those modes with excitations in either pantium 111 computer, our optimized simulation requires 0.2 s
the anion or the neutral state. (6) Individual transition intensities tgy the parallel mode approximation with the Hutchisson
are binned according to the transition energy as they are method, 67 s with Duschinsky rotation using the modified Chen
calculated for subsequent convolution over the instrumental algorithm for each of the 17 modes, or 0.9 s using eq 7 with
resolution function. |Jil > 0.97 as the criterion for using the multiplicative
Even with these optimizations, the calculation including approximation. For comparison, the same calculation requires
Duschinsky rotation is slow when many modes or high quantum 4.2 h with Duschinsky rotation but using simple nested loops
levels are excited. We can further reduce the calculation by over each mode, i.e., without our “intelligent” transition selection
taking advantage of the block-diagonal natureJbf which algorithm and other coding optimizations. Figure 3a compares
means that the totally symmetric vibrational modes do not have the parallel mode approximation with the full Duschinsky
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2 difference with and without the Duschinsky treatment. The
(a) relative rigidity of the two-ring system in naphthyl may be
[ responsible for the lack of importance of Duschinsky rotation,
by limiting the geometry change to just the puckering of the
ring at the deprotonation state. In general, for the case of a large
i : I geometry change one would also expect anharmonicity effects
w i to be important, perhaps more important than Duschinsky
rotation®? Because the partially resolved bands in the present
work are at low energy, we do not expect anharmonicity to be
important here. Finally, if the geometry displacements in the
anion basisK") are improperly used instead of the neutral basis
(K") for the parallel mode approximation, then there are
noticeable deviations from the treatment with Duschinsky
rotation, as also shown in Figure 3a.

Because the 1-naphthyl anion has several low-frequency
modes (164, 170, 380, 401, 498, ... dmsee the Supporting
Information), at 300 K the ground vibrational state of o€~
has a fractional Boltzmann population of only 11%. The
majority of the band intensity arises from hat'( > 0) or
sequence ' > 0 and v’ = ") bands, and therefore
convergence of the simulated Frand®ondon profile is more
- difficult when hot bands are included. With all 45 modes
included, using a cutoff of 0.00001% relative to the origin, and
with the parallel mode approximation, 1x31C? transitions have
intensities above the cutoff and the computer time required is
90 min. The same simulation including Duschinsky rotation
using eq 7 requires 30 h. In both cases most of the computational
time (98% and 99.8%, respectively) is spent on the low-
frequency nontotally symmetric (out-of-plane) modes. The two
simulations are compared in Figure 3b. Although the profiles
are very similar, the simulation with Duschinsky rotation has
s intensities about 25% smaller than the parallel mode approxima-
= tion. Duschinsky effects become significant when hot bands are
included in the simulation primarily because the low-frequency
out-of-plane modes, which have large thermal populations and
contribute to sequence bands, have strong Duschinsky mixing.
However, because the sequence bands are not resolved here,
these modes mainly result in the broadening of the vibrational
peaks and their inclusion is not critical to the interpretation of
the spectra.

To test the sensitivity of the simulations to the level of
Figure 3. (a) Comparison of the simulated FraroRondon profiles molecular structure theory, we repeated them using HF6E31
for the 1-GoH; — 1-CicH;~ band & 0 K using the full Duschinsky (q) and HF/6-313G(df,p) calculations instead of B3LYP/aug-
rotation treatment (solid line), the parallel-mode approximation with cc-pVDZ. These simulations (compared in Figure 3S in the

K' displacements (dashed line, but indistinguishable from the full | Inf . h h Il band fil
Duschinsky treatment), and the parallel-mode approximation Mith ~ SUPPlementary Information) show the same overall band profile

displacements (dotted line). (b) Comparison of the simulations at 300 and similar relative intensities of the low-energy peaks in the
K using the full Duschinsky treatment (solid line) and the parallel- resolved region of the experimental spectrum. There are minor
mode approximation witk' displacements (dashed line). The simula-  differences at higher energies, where the experimental spectrum
tions use a _relative origin intensity of 1.0 and are convol_utt_ed with a js unresolved. We also attempted a calculation at the MP2/6-
Gaussian with 10 meV fwhm. See text for detailed descriptions. 31+G(d) level, but it gave a spurious high negative frequency
for an out-of-plane twist mode of the neutral radical despite a
treatment. For this system there is no significant difference reasonable geometry from an unconstrained optimization. We
between the Duschinsky treatment and the parallel-mode have not investigated the reason for the spurious frequency, but
approximation, despite the 1#4ond angle change between the instabilities in HF and MP2 frequencies are not unprecedéfited.
anion and neutral. Indeed, Duschinsky rotation will be important
only when there ioth a large geometry change between the
two statesand a significant change in the normal coordinate
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vector directions forctive modes. Examination of the diagonal Figure 4 compares the simulated Fran€ondon profiles
matrix elements of"" (Table 2) shows that the five modes with  for 1-C;gH7~ and 2-GgH7~ with the experimental spectrum. The
the largest FranckCondon activity for 1-GyH; have |J;i| > simulations shown are calculated with the Duschinsky treatment

0.98, whergJ;| = 1 would indicate completely parallel normal for all 45 modes using the multiplicative approximation (eq 7)
coordinate vectors in the two states. Although gHG exhibits for modes with|Jj| > 0.97, an anion temperature of 300 K,
greater Duschinsky mixing (Table 2), the top five modes are and a Gaussian resolution function with a 17 meV full-width
not strongly mixed among themselves (but rather with other at half-maximum (fwhm). Sequence bands account for an
weaker modes) and the simulation still shows no significant additional 5-7 meV apparent width of the transitions at 300
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Figure 4. Comparison of the experimental spectrum with the simulated Fra@ckdon profile for 1-GH7 — 1-CioH;~ (left panel) and 2-GH~
— 2-CyoH7~ (right panel). Arrows mark theg(brigins for each spectrum and significant mis-matches for the.R-Gimulation.

K. Higher temperatures increase the peak widths because ofthe reasonable further assumption that the two isomers have
the sequence bands, allowing instrumental resolution functionsthe same overall photodetachment cross section magnitudes.
closer to the values of 2915 meV fwhm observed for Oor Comparing these simulations with the experimental spectrum
NH_~ under the experimental conditions, but make no difference in Figure 5, it is apparent that values ®EA of 0.04 eV and
in the overall quality of the fits. Anion temperatures higher than below show significant deviations from experiment, whereas
350 K can be excluded by the small intensities of the observedthe simulation fordEA = 0.06 eV agrees reasonably with
hot bands. Because of the small rotational constants for theseexperiment. FOOEA = 0.06 eV, the 2-GH;~ isomer has a
heavy molecules, rotational broadening is negligible. No-spin  fractional population of only 9% and its origin is partially hidden
orbit state splittings are expected for th& — 1A’ electronic by the hot band transition for-1C;gH7;~. A larger 0EA, for
transition. The isomerization barriers betweendhand3 anions which 2-GoH;~ would not be present in observable quantities,
and radicals are expected to be high, but presence of a mixtureis also consistent with the data. We assign a lower limiBa
of the two naphthyl anion isomers is a possible additional source = 0.05 eV on the basis of these simulations. From our data
of peak broadening. alone we cannot rigorously eliminate the possibility that=
The two simulated profiles are similar overall, as expected 0, i.e., the possibility that the apparent absence of thg,2-C
from the similar geometry displacements for theandf isomers anion is due to a low gas-phase acidity equilibrium concentration
as shown in Figure 2, but there are significant differences for that is not also reflected in @EA difference. However, both
the first few transitions above the origin. For 3.8, the the kinetic experiment$ and theory supportoD ~ 0.
simulation is in excellent agreement with the experiment, but
for 2-CioH7~ the simulation shows several transitions (marked
by arrows in Figure 4) that do not match the experimental peak
positions and intensities. On the basis of these simulations, we The present experiments provide the electron affinity for the
assign the observed spectrum as being primarily due t#,C a-naphthyl radical, EA1-CioH7) = 1.403+ 0.015 eV, and
and we confirm the assignment of the origin transition at 2.005 support previous kinetic studfe$that theo-naphthyl anion is
+ 0.015 eV electron kinetic energy, leading to §E&CyoH-) thermochemically more stable than thenaphthyl anion. The
= 1.403+ 0.015 eV. absolute electron affinity agrees with those obtained by the
The calculated hot band transitions at 300 K for the Cooks kinetic method (Table £f with at least touching error
1-naphthyl isomer account for all or most of the observed hot bars. Our limit of6EA > 0.05 eV is in good accord with the
band intensity near 1.34 eV electron binding energy. According relative electron affinities of the two isomers obtained by the
to the relative gas-phase acidities from kinetic experimgfits, kinetic method (Table 1). Because we now have a more accurate
some 2-GgH;~ could be present in the ion beam (vide supra). and precise absolute electron affinity for 1-naphthyl radical, it
In the equilibrium limit, the populations of the two anions in is useful to obtain EA(2-@H7) by combining our value for
the flow tube source depend @mn,iH. The spacing of the EA(1-CyoH7) with the relative electron affinitygEA, from the
origin peaks in the photoelectron spectrum for the two anions kinetic experiments as shown in Table 1. Combining the average
depends o@EA. According to eq 1, these are relateddly ~ value fordEA from the kinetics experiments with our limit of
O0AacidH + OEA. Figure 5 compares simulations for both states 0EA 2 0.05 eV from this work and anchoring to our absolute
together with relative energies 6EA = 0, 0.02, 0.04, and 0.06  electron affinity for 1-GoH7, we obtain an estimate of EA(2-
eV, using the approximatiodEA ~ —dAaciH (i.e., thatoD ~ CioH7) = 1.3470 53 eV.
0 or that the GH7—H bond dissociation energies are the same  Equation 1 provides a means to derive the CH bond
for the two isomers) and relative populations based on equi- dissociation energy from the electron affinity of the radical and
librium populations at 300 K. Specifically, we approximate that the gas-phase acidity of the parent molecule. To obtain the best
0AacidH = 0A4idG so that the fractional population of the possible values for the bond dissociation energies of naphthalene
2-CioH7~ isomer is given bye 9FART/(1 + e 9BART) '\We make at the oo and 8 positions, it is necessary to reevaluate the

Thermochemistry
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8AzcldGGOO AacidGSOD(R}I)
CH, 1602.541.3
16.1 31.9 (35.9)
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Figure 6. Gas-phase acidity ladder of relativ\acidGesoo (kJ/mol)
measurements taken from Meot-Ner et with absolute anchor
values for water and benzene from Table 3. See text for details.

measurement of the gas-phase acidity of naphthalene, but they
bear reexamination in light of recently revised values of the
gas-phase acidities of benzene and wafrthe possible
presence of the 2-naphthyl anion isorfi€rand temperature
corrections. Table 3 lists current literature values for water,
benzene, and ammonia (relative to which the acidity of benzene
was measuréil Unfortunately, the gas-phase acidity reported
by Meot-Ner et ak3 cannot be simply adjusted using the more
up-to-date values for water and benzene, because it was obtained
SEA=0.04 eV by averaging relative acidities in a ladder of individual measure-
wp=438 ments and was apparently anchored Agq.H values for
calibration acids at 298 K instead of 600 K. Instead, we use the
original equilibrium measurements of IKgoo for individual
reactions as obtained from figures published by Meot-Ner et
al135%9 These are converted ®AacidGeoo = —RT In Kego to
obtain the ladder of values shown in Figure 6. We use a least-
squares optimization as described elsewHeaceobtain the best
18 17 16 15 14 13 value forAacidGeod C10Hs) with H,O and GHg as anchor acids.
Temperature corrections fohG(T), AYT), and AH(T) are
SEA = 0.06 eV calculated as required using values in Gurvich et2&t.if
a/B=11 available or using standard statistical mechanics forméfas
the harmonic-oscillator rigid-rotor approximation with the
theoretical molecular constants calculated in this work or the
literature’ We obtain AacidGsoo(C1oHs) = 1565 £ 13 kJ/mol
from the least-squares optimization, which yiellg:dH29s
(CigHg) = 1642 + 13 kJ/mol after enthalpy and entropy
temperature corrections. This can be compared with Meot-Ner's
originally reported value oRAacidH298(C10Hs) = 1649+ 5 kJ/
mol. Our larger error bar (an estimate-b2 combined standard
uncertaintie®) reflects internal inconsistencies in the overlap-
Figure 5. Franck-Condon simulations for combined 1rff; — ping 0AG values in the acidity ladder in Figure 6, a 10 kJ/mol
i];%lgk %aggai_ﬁ“;?&;si}%g?mStﬁgcttéitassum'”g various values  migmatch with the relative acidities 068 and GHe compared

' ' with literature values, and the possible presence ofigH¢
literature values for the absolute gas-phase acidities. The gasanions in equilibrium with 1-gH7~. (The dAacidG values in
phase acidity of naphthalene from pulsed high-pressure massparentheses in Figure 6 are corrected for the possible presence
spectrometry equilibrium measurements by Meot-Ner é8 al. of 2-C;oH7™ in the extreme case of a unity equilibrium con-
is now confirmed to refer to formation of the anion isomer, stant for reaction 390AacidG = 0. This would lowerAacidGsoo
CigHg — 1-CioH7~ + HT. Meot-Ner et al35 measured the  (1-CioH7—H) by several kJ/mol, but does not improve the
equilibrium constants for proton transfer of naphthyl anions with internal consistency of the ladder. Furthermore, the effect is
benzene, 1,4-diazine, and water in the temperature range 500 <1 kJ/mol if one uses théA.(G values measured by the
625 K. These experiments represent the only equilibrium kinetics experiments.)
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TABLE 3: Literature and Derived Thermochemical Values?

R EA(R)/eV Do(RH) AacidHo(RH) AacidH290(RH) AxcidG2es(RH) AacidGeod RH)
HO 1.8277+ 0.0002 491.91+ 0.38 1627.7£ 0.3 1632.6+ 0.3 1605.0+ 0.3 1575.3+£ 0.4
NH> 0.7714+ 0.00%' 444.0+ 0.2 1681.7+ 0.5 1687.7+ 0.6 1657.0£ 1.2
CeHs 1.097+ 0.006 466.4+ 1.4 1672.6+ 1.3 1678.9+ 1.3 1642.0£ 1.2 1602.5+ 1.3

21n kJ/mol except as noted. Values without footnotes are obtained using the negative ion cycle, eq J(HAtHEL312.0494+ 0.0001 kJ/mol
or by conversion from 298 K gas-phase acidities. Enthalpy and entropy thermal corrections are taken from Gurtiéhvetiede available or are
calculated using standard statistical mechanical formulas in the harmonic-oscillator rigid-rotor approxihfa&ib6s.¢ Ref 60, 69.9 Ref 28.
eRef 70.f Reference 32¢ Calculated relative to ammonia usifgidGzooCsHe) — AacidGz0NH3) = —14.984 0.25 kJ/mol from ref 7.
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Equilibrium measurements of gas-phase acidities are usually  (4) Heﬁht, S. ﬁ Carmellf, S. G.; Murphy, S. E.; Foiles, P. G.; Chung,
; ; F. L. J. Cell. Biochem. Suppl993 17F, 27.
p_refe_rred over those obtained by the DePuy S|Ia}ne cleavage (5) Pope, C. J.- Marr, J. A Howard. J. B. Phys. Cheml993 97,
kinetics method, and both Reed and Keaasd Lardin et a?. 11001,
referenced their relative values to the absolute acidity of Meot- (6) Richter, H.; Mazyar, O. A;; Sumathi, R.; Green, W. H.; Howard,
Ner et alt3to calculate the bond dissociation energy. However, J- B(d?)B%ZZ?”h JéWéJ- Féhysb Chem\-/ /Xl\gollele 15gl-H Elison. G. B
HH H ; avico, G. E.; blerbaum, V. ., berPuy, C. R} Ison, G. b.;
the rg_evaluated eqplllprlum value is not more precise than.the Squires, R. RJ. Am. Chem. S0d995 117, 2590,
acidities from the kinetics measuremgntg for the reasons given - (g) Reed, D. R.; Kass, S. R. Mass Spectron200Q 35, 534.
above. On the other hand, the two kinetics experiments could  (9) Lardin, H. A; Squires, R. R.; Wenthold, P. G.Mass Spectrom.
i imi i 2001, 36, 607.

be Sl.JbJeCF t(.) similar .S.yStematlc errors related to .the nature of (10) Cioslowski, J.; Liu, G.; Martinov, M.; Piskorz, P.; Moncrieff, D.
the dissociation transition state. For example, the silane cleavage; an’ chem. Sod996 118 5261.
method was shown to fail in its application to cub&halthough (11) Ervin, K. M. Chem. Re. 2001, 101, 391.
naphthalene does not have the same issues with possiblegs(g)élferkowﬂz, J.; Ellison, G. B.; Gutman, . Phys. Chem1994
.rehyb”dlzatlon implicated for cubane._P_endlng a definitive '(13) Meot-Ner (Mautner), M.; Liebman, J. F.; Kafafi, S. A.Am. Chem.
independent measurement of the acidity, we average thesgc 1988 110 5937.
measurements to obtain a recommended valuA gfH»os (14) DePuy, C. H.; Bierbaum, V. M.; Damrauer, R.Am. Chem. Soc.
(1-CoH7—H) = 1649 + 14 kJ/mol. The main effect of this 19‘(3115)10[?8‘;%?’1-0 H. Gronert. S Barlow. S. E. Bierbaum. V. M.
ree\_/aluanon is to recommend a Ia_rger, more reallstlc_unce_rta_lnty. Damrauer, RJ. Am. Chem. Sod 989 111, 1968. T

Finally, we use eq 1 to obtain the CH bond dissociation  (16) Wenthold, P. G.; Hu, J.; Squires, R. R.Am. Chem. S0d.996
enthalpy of naphthalen®,gg(1-CioH;—H) = 4724 14 kJ/mol, 118 11865.

and using the average value #Dgg from the kinetics studies 195(;117)10"4”1-;’;'3@% S. A.; Cameron, D.; Cooks, R. &.Am. Chem. Soc.

(Table 1) we obtaizeg(2-CioH7—H) = 476 £ 20 kJ/mol. As (18) Cooks, R. G.; Koskinen, J. T.; Thomas, P.JDMass Spectrom.
concluded in the original kinetics studies of the relative values, 1999 34, 85.

the two sites have the same dissociation energies within the (19) Armentrout, P. BJ. Am. Soc. Mass Spectro200Q 11, 371.
(20) Wenthold, P. GJ. Am. Soc. Mass Spectro@00Q 11, 601.

experimental uncertaintiés. (21) Ervin, K. M. Int. J. Mass Spectron200Q 195/196 271.
(22) Drahos, L.; V&ey, K. J. Mass Spectronil999 34, 79.
Summary (23) Armentrout, P. BJ. Mass Spectronl999 34, 74.

(24) Leopold, D. G.; Murray, K. K.; Stevens Miller, A. E.; Lineberger,
The photoelectron spectrum ofi¢El;~ has been measured w. C.J. Chem. Phys1985 83, 4849.
and assigned to the 1:gH7; < 1-CjoH;~ transition by com- (25) Ervin, K. M.; Ho, J.; Lineberger, W. Q. Chem. Phys1989 91,

; : ; ; ; 5974.
parison with Franck Condon simulations for the two possible (26) Envin, K. M.: Lineberger, W. C. Iidvances in Gas-Phase lon

isomers. Optimized algorithms for simulating the Franck  chemistryAdams, N. G., Babcock, L. M., Eds.: JAI: Greenwich, CT, 1992;
Condon profiles of large polyatomic molecules using calculated Vol. 1, p 121.

vibrational parameters have been presented. The simulation_ (27) Neumark, D. M.; Lykke, K. R.; Andersen, T.; Lineberger, W. C.
allows us to distinguish the 11647 and 2-GgH- isomers, which Ph{ZSé)R\?\',iﬁ‘kﬁg?f_Jsozr;elsggg T.. Envin, K. M.: Ellison, G. B.: Lineberger
would not be possible from the experiments alone. W. C.J. Chem. Physlog8g 91, 2762. B '

We obtain an electron affinity for the 1:6H; radical, EA- (29) Blondel, C.Phys. Scr1995 T58 31.
(1-CroH7) = 1.403+ 0.015 eV, in general agreement with but ,(30) Mohr, P. J.; Taylor, B. NJ. Phys. Chem. Ref. Dai99 28, 1713.
. S . . (http://physics.nist.gov/cuu/Constants/).
more precise than recent kinetic method studies. A reevaluation (31) Bartmess, J. E. IINIST Chemistry WebBook, NIST Standard

of literature experiments for the gas-phase acidity of naphtha- Reference Database Number;8@allard, W. G., Linstrom, P. J., Eds.;

lené®®13|eads to recommended values ®fcidH2eg(1-CioH7— glgéigngltlnsﬁitutgbof Sktanctiards) and Technology: Gaithersburg, MD, Feb.
— _ ) — . p://webbook.nist.gov).

H) = 1649_:|: 14 kJ/mOl_an_dngg(l CioH7—H) = 472 i 14 (32) Gunion, R. F.; Gilles, M. K.; Polak, M. L.; Lineberger, W. [t.

kJ/mol. This does not significantly change the nominal bond j. Mass Spectrom. lon Processk892 117, 601.

dissociation energy from previous repotfshut places a larger (33) Robinson, M. S.; Polak, M. L.; Bierbaum, V. M.; DePuy, C. H.;

ioti ; ica Lineberger, W. CJ. Am. Chem. Sod.995 117, 6766.
and more realistic uncertainty on the value. A more precise (34) Wenthold. P. G.: Polak, M. L.- Lineberger, W. &.Phys. Chem.

experimental determination of the bond dissociation energy 1996 100, 6920.

using the negative ion thermochemical cycle will require a  (35) Wenthold, P. G.; Squires, R. R.; Lineberger, WJCAmM. Chem.

definitive independent measurement of the gas-phase aciditySoc.1998 120, 5279. _

of nanh (36) Wenthold, P. G.; Hu, J.; Squires, R. R.Mass Spectroml998
phthalene. 33 796

) (37) Lyapustina, S.; Xu, S.; Nilles, J. M.; Bowen, K. H., Jr.Chem.
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