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Photoelectron spectroscopy of naphthalene cluster anions
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Mass spectrometric and anion photoelectron spectroscopic studies of homogeneous naphthalene
cluster anions, (Nph).,_-, were conducted to characterize the nature of their anionic cores. The
smallest stable species in this series was found to be the naphthalene dimer anion. The vertical
detachment energies of naphthalene clustars?2—7, were determined and found to increase
smoothly with cluster size. By extrapolation, the vertical detachment energy of the isolated
naphthalene molecule was found to b€.18 eV, in agreement with its adiabatic electron affinity
value from literature. The strong similarity between the spectral profiles of (Npémd

(Nph); (H,0); implied that (Nph) possesses a solvated monomeric anion core. All of the
naphthalene cluster anions studied here were interpreted as having monomer anion c&e82 ©
American Institute of Physics[DOI: 10.1063/1.1449869

INTRODUCTION ridine, pyrimidine, uracil, dimethyluracil, methylcytosine,
. glycine, phenylalanine, and tryptophan. Weinkauf, Schlag

_ The naphthalene molecular anion is one of many negag; 418,19 ;5ed anion photoelectron spectroscopy to study hy-

tive ions which are unstable in isolation but which are nev-y .. c|uster anions of uracil, cytosine, thymine, and naph-

ertheless stable in cpnden;ed phases. In the gas ph(":\se,.{ Slene. Kim and co-workers employed anion photoelectron
bare naphthalene anion exists only as a temporary anion, |g ectroscopy to study pyridine/carbon diodtleand

momentary presence being detecte(_j by t.h e resonant SCatter}]a'tphthalene/water cluster aniditdn addition to the hetero-
ing of low energy electrons. Analysis of its electron trans-

mission spectrum by Burrow and Jordahdetermined the geneous systems which have been studied, Kim also studied

) e " the homogeneous cluster anions of pyridifé and
vertical (as well as the adiabaji@lectron affinity of naph- B 24 tigated the h lust . f
thalene to be-0.19 eV. Consistent with the instability of the OWerr “investigated the homogeneous cluster anions of py-

isolated naphthalene anion, the pulsed electron, high pressurlJ idine. .
In the present paper, we jointly present our mass spec-

mass spectrometric experiments of Kebarle and co-wofkers . . . :
which had set out to study the anions of naphthalene, Wergometrlc and anion photoelectron spectroscopic studies of

unable to observe its parent anion. In the condensed phadf€® homogeneous naphthalene cluster anions, (Nphy.

on the other hand, the naphthalene anion has been detect@dl WO groups were both motivated by an interest in char-
by ESR®’ electronic spectroscofy® vibrational acter-|2|ng the excess eIectron—parrymg moieties within these
spectroscop¥* and polarograph{? Moreover, the naphtha- SPecies. In the simplest plausible case, the excess electron
lene anion is a common reagent in Organic Chemistry. PreWOUld be localized on a Single naphthaleﬂe, with the other
sumably, the stability of the naphthalene anion in solution ig’@phthalene molecules in the cluster acting to solvate this
due to its energetic stabilization by environmental effectgnonomeric anion. Another possibility, however, is that the
such as solvation and/or counterions. At the molecular levelexcess electron is delocalized over two or more naphthalene
the effect of solvation can be explored by forming gas-phasé&olecules, a dimeric subanion being the most likely. This
solvated anions, thereby mimicking some of the short rangéatter case could be described as an example of charge reso-
effects that are operative in condensed phases. nance stabilization.

Solvation of otherwise unstable anions has now been The phenomena of charge resonance has a rich
studied in the gas phase by several research groups. Kondditerature?>~3° Charge resonance is well known in several
and co-workerS observed this phenomena in their massaromatic homogeneous dimer cations, where it is character-
spectrometric studies of pyridine/water cluster anions. Scheized by extra stabilization, unique absorption bands, and a
mann, Desfrancoist al!**° studied it during their Rydberg charge distribution in which the excess positive charge is
electron transfer experiments on hydrated cluster anions avenly distributed over the two aromatic moieties. In the
uracil, pyridine, pyridazine, pyrimidine, and pyrazine. Bo- case of the naphthalene dimer cation, for example, charge
wen and co-worker§'’ utilized anion photoelectron spec- resonance was identified by Lewis and Sifgén its ESR
troscopy to study hydrated cluster anions of naphthalene, pyspectrum through charge delocalization and by N&sfrin
its gas-phase photodissociation specfttiittthrough the ap-
3Electronic mail: seongkim@plaza.snu.ac.kr pearance of its absorption band. Charge resonance has also
YElectronic mail: kitbowen@jhunix.hcf.jhu.edu been observed in aromatic dimer anions. In the case of the
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matrix isolated anthracene dimer anion, for example, Shida
and Iwatd® observed its charge resonance absorption band
directly. Thus, in the case of the naphthalene dimer anion,
there exists the intriguing possibility that it too may be
charge resonance stabilized, and that it may be the anion core
in larger naphthalene cluster anions. Both monomeric and
dimeric anion core possibilities will be considered below in
light of our photoelectron spectral data on naphthalene clus-
ter anions.
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EXPERIMENT

FIG. 1. Time-of-flight mass spectrum of naphthalene cluster anions
(Nph),™.
Anion photoelectron spectroscopy is conducted by cross-
ing a mass-selected beam of negative ions with a fixed-
frequency photon beam and energy-analyzing the resultafdESULTS AND SPECTRAL INTERPRETATION

photodetached electrons. This is a direct approach to the de- A typical time-of-flight mass spectrum of naphthalene
termination of electron binding energi€SBE), relying as it ¢|yster anions is shown in Fig. 1. In both the TOF and the
does on the energy-conserving relationshipy =EBE  \yien filter mass spectra, the smallest naphthalene cluster an-
+EKE, in whichho is the photon energy, and EKE is the ioy detected was the dimer anion, with no trace of the mono-
measured electron kinetic energy. In the collaborative experimer anion observed. The intensity of the dimer anion is weak
ments reported here, the Kim group utilized a pulsed, Mageompared to the other naphthalene cluster anions.
netic bottle anion photoelectron spectrometer, while the Bo-  The photoelectron spectra of naphthalene cluster anions
wen group used a continuous, hemispherical analyzer aniofjere taken at the two different photon energies, 1.165 and
photoelectron spectrometer. 2.409 eV. No differences in the resulting spectra were ob-
The details of the anion photoelectron spectroscopy apserved. The photoelectron spectra of naphthalene cluster an-
paratus in Kim's group have been described elsewfieie. ions, (Nph),_,, are presented in Fig. 2. Each of them shifts
brief, naphthalene cluster anions were produced by the coly higher electron binding energies with increasing cluster
lisions of a 500 eV electron beam with a pulsed beam okjze The spectra of (Nph), also show partially resolved
naphthalene vapor in argon carrier gas. The secondary elegiprational structure, with the two evident peaks in each case
trons produced in the ionization process were attached tgeing separated by 0.17 &\t370 cni’l). This energy most

neutral species to form anions. The resulting anions wergjpsely matches thes vibrational mode of neutral naphtha-
then accelerated and mass analyzed by a 1.8-meter linegihe, with reported literature valte®—*° of 1376 cm?,

time-of-flight mass spectrometer. When recording a photo1383 cm?, and 1417 crm'. For the larger clusters,
electron spectrum, the anions were mass-selected with @ph);_-, vibrational structure is unresolved.
mass gate prior to being photodetached by the fundamental while all photodetachment transitions are, by their na-
(1064 nm, 1.165 e)¥/photons of an Nd:YAG laser. The pho- tyre, vertical processes, when Franck—Condon overlap be-
toelectrons were then energy-analyzed by a magnetic bottigveen the anion and its corresponding neutral ground state is
electron energy analyzer. The spectra were calibrated againggfficient, the {=0<—0v=0) origin transition is mapped
the well-known photoelectron spectrum of O onto the photoelectron spectrum, and its energy is the adia-
The anion photoelectron spectrometer in Bowen'’s groupbatic electron affinitf AEA) in the case of a molecule. In the
has also been described elsewhere in détailaphthalene case of a van der Waals complex, however, the energy of the
cluster anions were generated in a supersonic expansion agrigin transition cannot be generally equal to the AEA, un-
ion source in which naphthalene was heated to 90 °C anfkss the geometries of the anion and neutral complex are
co-expanded with 4 atm of argon gas through au26 di-  nearly alike over the entire set of coordinates, including the
ameter nozzle. Relatively low energy electrons were injecteéhtermolecular ones. This is irrespective of the presence of a
directly into the high density portion of the expanding jet in clearly identifiable chromophore for photodetachment. In the
the presence of weak axial magnetic fields, and negative ionsase of naphthalene clusters, the geometry of the anions
were extracted from the resulting microplasma. The resultingurns out to be rather different from that of the corresponding
cluster anions were mass selected with a Wien filter and phaseutrals, as will be discussed later.
todetached with 514 nrf2.409 eV\f photons from an argon All of the spectra presented here have steep, low electron
ion laser, which was operated intracavity with a power ofbinding energy onsets. While the spectra show no evidence
~100 circulating Watts. The photodetached electrons weref anion hot bands due to molecular vibrations, the presence
then energy analyzed with a hemispherical energy analyzesf unresolved anion hot bands due to rotations is likely, and
having a resolution 0f~30 meV. The photoelectron spectra the presence of unresolved anion hot bands due to anion-
were calibrated against the well-known photoelectron spectraeutral intermolecular vibrations is also a possibility. We do
of O” and NO . not expect major structural differences between these anion
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Nphg DISCUSSION
Electron affinity of naphthalene
‘ Figure 3 plots the VDESs of naphthalene clusters vs their
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Noh.- sizes,n, showing that their VDEs generally increase with
ph; . . . .
cluster size. Itis clear, however, that the relationship between
VDE and cluster size is not linear, and that the sequential
increase in VDE gradually decreases with increasing cluster
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As mentioned earlier, analysis of electron transmission
spectra put the AEA of the naphthalene molecule-&t19
FIG. 2. Photoelectron spectra of naphthalene cluster anions §Nph) eV. Here, we have made a second order polynomial fit to the
data in Fig. 3(see dashed lineand extended it tm=1 in
order to estimate the VDE of the naphthalene molecule from
chromophoresind their neutral counterparts because the exeur data. The VDE gives an upper bound for the AEA. This
cess electron will be delocalized over the entire moleculeprocedure gives a VDE for naphthalene-60.18 eV, which
without causing a significant structural change. Therefore thés very close to the electron affinity value from electron
origin-containing ¢ =0<uv=0) transition of the anion transmission spectroscopy.lt is also nicely consistent with
chromophore in each case is assignable. As mentioned berevious extrapolations of electron affinity vs size data on
fore, however, we have assigned the origin-containing tran¢Nph)~(H,0),, by Bowen etal. (—0.20 eW® and by
sition as the vertical detachment enef¥DE) rather than  Weinkauf, Schlag, and co-workefs-0.20 e\).*° The VDE
the AEA, since the latter requires a similar geometry for theand the AEA are different in clusters as the intermolecular
cluster as a whole between the anion and the neutral cougreometries are often different between the anion and the neu-
terpart. Because the spectral profiles of all of the spectra argal. In the monomer, however, there is no intermolecular
similar to one another, the positions of the origins in thecoordinates, and thus the VDE and the electron affinity can
spectra of the larger naphthalene cluster anions, (Nph) be nearly identical in case the molecular geometry does not
were assigned by comparing the spectral profile of eackthange greatly between the anion and the neutral, as in the
spectrum, starting with that of (Nph), to that of the next present case of naphthalene.
larger one. The vertical detachment energies extracted from
our photoelectron spectra are listed in Table |.

Electron Binding Energy (eV)

The nature of the anionic core

Here, we consider the question of whether the core anion

TABLE I. The vertical detachment energi@4DE) of the naphthalene clus- in the naphthalene cluster anions studied here is a mono-
ters (Nphh—o7- meric or a dimeric anion. If it is the former, the monomer

n VDE (eV) anion is the most stable excess electron carrier in the cluster,

and it is simply solvated by neutral naphthalene molecules. If

; _g'_f it is the latter, the dimer anion might well derive its special
3 0.28 stability from charge resonance effects.

4 0.48 Charge resonance is characterized by extra stabilization,
5 0.62 unigue absorption bands, and in a dimer, a charge distribu-
S 8-22 tion in which the excess charge is evenly distributed over the

two moieties. As for the first of these, no direct energetic
A/alue estimated from extrapolation. information can be drawn from experiment alone in the
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L L L in a nonparallel structure with little orbital overlap. We car-
(Nph), ried out a cursonab initio calculation that showed that the
binding energy of a neutral T-shaped naphthalene dimer is as
large as 70% of that of a cofacial dimer. The main contribu-
tion to the binding energy of the former was the electrostatic
N‘M‘“ interaction between the delocalizedorbital of a naphtha-
lene moiety and the two hydrogen atoms of the other
. . naphthalené?® In the anion systems, the electrostatic interac-
tion is expected to play an even more important role in the
stabilization of the naphthalene dimer because of the extra
charge. Recently Weinkauf, Schlag, and co-workers reported
a stable geometry fdr(Nph),(H,0);]~ by anab initio cal-
culation, which showed that the two hydrogen atoms of wa-
ter tend to form two hydrogen bonds with the naphthalene
anion?®
00 02 o4 08 We suggest that such hydrogen bonding scheme may
Electron Binding Energy (eV) operate in the case of naphthalene dimer anion as well, with
_ two hydrogen atoms of one naphthalene molecule strongly
FIG. 4. Comparison of the photoelectron spectra of (Mphjand  jnteracting with ther orbital of the other molecule that con-
(Nph); ™ (H0);. tains most of the excess charge. In a parallel structure, the
electrons in ther orbital of a naphthalene molecule would

present case because of the inequality between the VDE aﬁ'&tera?t unfavorably W.'th that of the other molecule with a
negative charge. We find that the current model of a mono-

the electron affinity for clusters. Other direct evidence for a or anion solvated bv a neutral naphthalene molecule is
charge resonance interaction is seemingly lacking as well y P

because, for example, there is no detectable absorption bangs < con3|stent_ with a T-shaped naphthalene dlr_ner anion
in the naphthalene anion clusters. structure than with a parallel structure. A more detailed study

, .. of the core structure and the geometry of naphthalene cluster
On the other hand, spectral band profiles can provide a . . . 4 )
. . anions may require high-level theoretical calculations.
crucial clue to the character of the anion core of a compleX
anion. We note that the band shapes of the photoelectron

spectra observed for (Npj1) and (Nph) ~(H,0); are strik- ACKNOWLEDGMENTS
ingly similar, as shown in Fig. 4. This indicates that these g i ks grateful for financial support from the National

anions share a common anionic core, which must be theyeative Research Initiatives Progra@9-C-CT-01-C-50 of
monomeric anion (Nph) . The absence of reports of a he Ministry of Science and Technology of Korea. K.H.B.
charge resonance absorption band in solutions containing,anks N. Nishi. M. Sevilla. R. Weinkauf. E. Schlag, W.
naphthalene anions also supports the monomeric anion COl@emperer, M. Johnson, and S. Iwata for stimulating conver-
in the naphthalene cluster anions. Given the observation thaltions K.H.B. also thanks théJ.S) National Science

the shape of the (Nph) (H,0), and (Nph)~ spectrum is  gqyndation for financial support under Grant No. CHE
also similar to those of larger naphthalene cluster anions, thgg1g229

monomer anion is probably also the anionic core in

(Nph),-5_- as well. In addition, the photoelectron spectra of ) | g ) (1978
— SR K. D. Jordan and P. D. Burrow, Acc. Chem. Ré&§, 341(1978.

(Nph)2:7 bear a Slgmflcant resemblance to those of 2p, D. Burrow, J. A. Michejda, and K. D. Jordan, J. Chem. Pl36.9
(Nph), (H?O)l_g, fu.rt.her suggestlng that the chro- (198
mophores in both families of cluster anions are naphthalenéRrecent calculations confirmed that the vibrational structure observed in
monomer anions. It is also worth noting that while the pho- the ETS spectrum of naphthalene contains the transition to @ level
todissociation experiments of Braun‘fén)n the toluquinone of th]e lowest-energy shape resonafiéeD. Jordan(private communica-

. . L . . tion)].
dimer anion were |n|t|a_IIy interpreted in terms of a chqrge 4T. Heinis, S. Chowdhury, and P. Kebarle, Org. Mass Spect@8n358
resonance transition, his subsequent theoretical analysis, us¢1993.

ing the treatments of Simoffsand of Schat?? led to the  °A. Carrington, F. Dravnieks, and M. C. R. Symons, J. Chem. $869

; : ; : _ 947(1959; B. J. McClelland, Chem. Re®4, 301(1964.
conclusion that its excess electron is actually highly local 53. C. M. Henning, J. Chem. Phyéd, 2139(1966.

ized. Fmal'ty In answering the question of Charge Iocallza-'7E.S.R. Spectra of Organic Radical in Solution|ritroduction to Magnetic
tion versus delocalization in anionic complexes has often Resonanceedited by A. Carrington and A. D. McLachlg&hapman and
been elusive. Hall, London, 1979, p. 72.

8D. E. Paul, D. Lipkin, and S. I. Weissman, J. Am. Chem. St&.116

(1956.

9T. Shida and S. lwata, J. Am. Chem. S86, 3473(1973.

10Radiation Effects on Optical Properties of Organic MaterialsQiganic
While the Charge resonance stabilized, naphtha|ene Radiation Chemistry Handboplkdited by V. K. Milinchuk and V. I. Tu-

; ; ; ; : o1 pikov (Wiley, New York, 1989, p. 267.
dimer cation is thought to possess a structure with cofauaJlC_ L. Dodson and J. F. Graham. J. Phys. Chaih 2003(1973.

moieties ?hat par'tially overlap, the geometry of the'naph- 123, Jagur-Grodzinski, M. Feld, S. L. Yang, and M. Szwarc, J. Phys. Chem.
thalene dimer anion can be totally different, as, for instance, 69, 628(1965.

(Nph),"(H,0)

Photoelectron Intensity

The geometry of the dimer anion



J. Chem. Phys., Vol. 116, No. 11, 15 March 2002 PES of naphthalene cluster anions 4481

18F, Misaizu, K. Mitsuke, T. Kondow, and K. Kuchitsu, J. Phys. Ch&3).  *°K. Ohashi and N. Nishi, J. Chem. Phy8, 390 (1993.

4263(1989. 31K. Ohashi and N. Nishi, J. Chem. Phy@5, 4002 (1991).
14C. Desfrancois, H. Abdoul-Carime, and J. P. Schermann, J. Chem. Phys2\1. Matsumoto, V. Inokuchi, K. Ohashi, and N. Nishi, J. Phys. Chem. A
104 7792(1998. 101, 4574(1997.
V. Perlquet, A. Moreau, S. Carles, J. P. Schermann, and C. Desfrancoth_ Ohashi, Y. Nakai, and N. Nishi, Laser Chef§, 93 (1995.
(unpublishedl 34K, Ohashi, Y. Nakai, T. Shibata, and N. Nishi, Laser Cha#.3 (1994,

165, A. Lyapustina, S. Xu, J. M. Nilles, and K. H. Bowen, J. Chem. Phys.
112, GOA3 (2000 Y$35K . Ohashi, Y. Inokuchi, and N. Nishi, Chem. Phys. L&83 167(1996.

175, A. Lyapustina, Ph.D. dissertation, Johns Hopkins University, 1999. ij- Shida and S. Iwata, J. Chem. Ph§, 2858(1972).
183, Schiedt, R. Weinkauf, D. M. Neumark, and E. W. Schlag, Chem. Phys:'J. V. Coe, J. T. Snodgrass, C. B. Freidhoff, K. M. McHugh, and K. H.

239 511(1998. Bowen, J. Chem. Phy84, 618(1986.
19J. Schiedt, W. J. Knott, K. L. Barbu, E. W. Schlag, and R. Weinkauf, J.38E. P. Krainov, Opt. Spektrosi6, 415 (1964); 16, 763 (1964.
20Chem' Phys113 9470(2000. _ 393, S, Mitra and H. J. Bernstein, Can. J. Ch&, 553 (1959.
S. Y. Han, I. Chu, J. H. Kim, J. K. Song, and S. K. Kim, J. Chem. Phys. 40T kato and T. Yamabe, J. Chem. Phit45 8592 (2001).
21%11 5§?n(12(?1?]0hblishem “1p, B. Comita and J. I. Brauman, J. Am. Chem. Siag, 7591 (1987.
225 v, Han, J. ,_? Kim, J. K. Song, and S. K. Kim, J. Chem. P9 9656 42(81.95;.8Pieph0, E. R. Krausz, and P. N. Schatz, J. Am. Chem.196:2996
235;938”%’ J. K. Song, J. H. Kim, H. B. Oh, and S. K. Kim, J. Chem. Phys.43The ab initio calculation was carried out for the naphthalene dimer at the
111, 4041(1999. level of MP2/6-31G(0.25 designed for more diffuse-polarization func-
24K H. Bowen (unpublishedl tions of carbon atom. To take the BSSE correction into account, all the
2|, C. Lewis and L. S. Singer, J. Chem. Phyi§, 2712(1965. stationary points of a geometry were searched by the point-by-point
%¢. B. Duke and L. B. Schein, Phys. Today Feb. 1980, p. 42. method. The result of the calculation showed that the parallel-displaced
ZH- Saigusa and E. C. Lim, J. Phys. ChedB, 13470(1994. geometry is the most stable structure for the neutral naphthalene dimer
J. McHale and J. Simons, J. Chem. Phy2. 425(1980. with a stabilization energy of 7.63 kcal/m.33 e\j. Our preliminaryab

29Y. Inokuchi, K. Ohashi, M. Matsumoto, and N. Nishi, J. Phys. Che#).

3416 (1995, initio calculation has failed to produce reliable results for the anion.



The Journal of Chemical Physics is copyrighted by the American Institute of Physics
(AlP). Redistribution of journal material is subject to the AIP online journal license
andfor AlP copyright. For more information, see http:fojps.aip.orgficpoficperisp
Copyright of Journal of Chemical Physics is the property of American Institute of
Physics and its content may not be copied or emailed to multiple sites or posted to a
listserv without the copyright holder's express written permission. However, users may
print, download, or email articles for individual use.



