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Abstract: We have explored the effect of resonance overlap on electronic communicatithoitdedrz-systems

through a combined experimental and computational investigation. The system studied consists of a series of
diphenyl-substituted acenaphthofluoranthenes and fluoranthenes with constrained dihedral angles between
polycyclic core and phenyl substituents of°9@0°, and 15. The spin density distribution within the radical
anions of these conformationally restricted polycyclic aromatic hydrocarbons was assessed via DFT-B3LYP
calculations validated through SEEPR-derived experimental hyperfine coupling constants (hfc’s). Orthogonal
subsystems were essentially insulated, while substantial delocalization of spin density was observed for near-
planar subsystems. The insulation of the phenyl substituents combined with the possibility of forming ladder-
type polymers makes the orthogonal diphenyl-substituted acenaphthofluoranthenes intriguing building-blocks
for molecular electronics.

Introduction anions? These systems were found, however, to possess a singlet
. o ground state, and it was proposed that better isolation through
_ Electronic communication througitbonds plays a key role  more rigid orthogonal alignment is necessary for the generation
in the creation of molecular electronic devices:” Extended of true organic ferromagnets. Hyperconjugation between ortho-
z-conjugation in molecular wires provides a low-energy path gonalz-systems further contributes to the observed residual spin
for long-range intramolecular electron transtet.The bonding delocalization. EPR, ENDOR, and TRIPLE spectroscopy of
and antibondinge-orbitals in these systems are delocalized into 9,10-diphenylanthrace#e!21and rubrent have shown sub-
conduction and valence bands with a relatively small band gap, stantial hfc’s associated with the meta-position of the phenyl
analogous to semiconductdriocalized states in the form of g pstituents. INDO calculations for this phenyl hyperconjugation
uncoupledz-systems, on the other hand, are desirable in the pregict a sid 6 dependence of the meta-proton hfc on the spin
guest for molecular quantum effect deviteasnd organic density of the carbon atom, to which the phenyl ring is
ferromagnet$:°>¢One approach to such electron confinement 4ttached14Since the 9,10 positions of the anthracene radical
m_akes use of the dependence of electron delocalization on thegnion are the centers of highest spin density, substantial spin
dihedral angle) betweero-bondedr-systems. Fof approach-  gensity delocalization into the phenyl substituents of 9,10-
ing 90 (orthogonatz-systems) molecular orbital theory predicts  giphenylanthracene is to be expected. Better isolation between
the overlap integray; between twoo-bondedz-systems t0 ;. pondedr-systems is predicted if the phenyl substituents are
approach zero, rendering insulated subsysténisolation of  connected at sites of low spin density. Two systems which fulfil
orthogonal, spin-carrying subunits in a series of oligo (9,10- gch a requirement are 7,14-disubstituted acenaphthkJ,2-
anthrylene)s indeed led to the generation of high-spin polyradical fjyoranthenes and 7,10-disubstituted fluoranthenes. The radical
TUniversity of Massachusetts anions of these nonalternant polycyclic grcmatic hydroca_rbo_ns
* Fairfield University. : possess ccmp{:\ratlvely sm.all spin dens'me.s at the substitution
8 Trinity University. positions (vide infra}? combined with steric hindrance between
(1) Molecular Electronics Jortner, J., Ratner, M., Eds.; Blackwell core and phenyl substituents, which causes an out-of-plane
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c ¢ S A Experimental Section
a Materials and General Methods. Solutions were prepared using

' reagent grade THF dried via distillation over sodium metal. Tetrabu-
tylammonium perchlorate (TBAP, obtained from SACHEM, electro-
X d d metric grade) was recrystallized twice from water and dried for several
i days under high vacuum. Compourids!® 1b—c,® 2,18 3, and4'® were
}g)) ))((ng OO a synthesized according to literature procedures.
1c) X=Br 2 b b Simultaneous Electrochemistry and EPR (SEEPR)Due to the
c ¢ ¢ e lossy nature of the samples and to minimize perturbation of the

microwave field by the working electrode, SEEPR experiments were
carried out in a quartz flat cell. A second glass part containing three
ACE #7 threaded joints sealed via Teflon ferrules to hold the electrodes
and a septum capped ground glass joint for degassing and sample
3 injection was connected to the top of the cell. The working electrode,
a platinum gauze electrode, was inserted into the flat part of the cell.
The Ag-wire pseudoreference electrode was positioned directly above
the working electrode to minimize th&R-drop and the auxiliary
electrode, a platinum wire spiral of large surface area, occupied the
solvent reservoir above the flat section. The electrode leads were
insulated via Teflon heat shrink tubing. After each experiment the
working electrode was cleaned in concentrated HNO
EPR spectra were recorded on an IBM ESP 300 X-band spectrometer
equipped with a Ths dual cavity. Solutions of the polycyclic
hydrocarbons (1¢ M in THF, 0.1 M TBAP) were degassed by
bubbling argon through them for 5 min and then injected into the cell,
which was previously flushed with argon. The cell was mounted within
the spectrometer using custom manufactured cell holders, which allow
for precise alignment of the cell within the cavity to maximize the

. . . " Q-factor. Bulk electrolysis was carried out simultaneous to signal
diphenylfiuoranthen@ and the tied-back 8,9-dihydrodiindenno- acquisition (25 kHz field modulation, modulation amplitude 0.0475

[1,29:21I]fluoranthene4 (Figure 1)-° Recent interestin these ) "Hyperfine coupling constants (hfc's) were determined through
systems has been sparked through the discovery that diphenykpectrum simulation and iterative curve-fitting using the software
acenaphthofluorantherie can undergo oxidative electropoly-  package WinSim from NIEH® Excellent correlation (correlation
merization'® Carbon-carbon bond formation involving the  coefficient greater than 0.99) was achieved in most cases.
polycyclic core results in a ladder-type polymer with extended
mr-structure, which is electroactive and electrochromic. In the
diphenyl acenaphthofluoranthene system,dt#onded phenyl UHF and DFT-B3LYP calculations were performed using
substituents of the acenaphthofluoranthehasc are forced the Gaussian 94 suite of prograf$JHF geometry optimization
into near-orthogonal orientation with respect to the polycyclic of the anion radicals at the 3-21G* level was followed by
core as confirmed by the X-ray crystal structurelaf'’” due to B3LYP/6-311G* single-point calculations, with DFT theoretical
steric interactions between the ortho-hydrogens of the phenylresults showing little spin contamination for the systems under
substituents and the four buttressing hydrogens at positions 1,study?? Isotropic hfc’s were calculated according to:

6, 8, and 13 of the acenaphthofluoranthene moiety. The tied-

back fluoranthend serves as the other extreme: the bridging a(N) = (87/3)g55nbn P(N)

methylene groups restrain the dihedral angle between phenyltne hfc of nucleus Na(N), is proportional to the corresponding
substituents and fluoranthene core to abodt Ebr fluoranthene  formi contact integral (spin density at the nuclep@); ge (gn)

3, the average dihedral angle amounts to abo@f @0e to the  stands for the electronic (nucleapfactor andge (Bn) for the
less sterically demanding polycyclic core, which allows for Bohr (nuclear) magnetd.
greater rotational freedom of the phenyl substituents combined

Figure 1. Conformationally restrained diphenyl-substituted acenaph-
thofluorantheneda—c, parent compound acenaphthofluoranth&ne
diphenylfluoranthen8,and tied-back fluoranthent The positions of
equivalent protons are labeleed-g.

Calculations

with the possibility of an out-of-plane bend. Results and Discussion
~ Fluorescence quenching experiments carried out to assess the simultaneous electrochemistry and EPR (SEEPR) of acenaph-
intramolecular heavy atom effect dfc and the dip-bromo thofluoranthene$a—c and2 and fluoranthene3 and4 provided

analogues 08 and4 indicated a qualitative correlation between
(18) Tucker, S. HJ. Chem. Socl958 1462.

guantum ylelc_j ar_1d dihedral angleFluorescence quenchmg, _ (19) Dilthey W.: Henkels, SJ. Prakt. Chem1937 85, 85-97.
i.e., communication between core and phenyl substituents in  (20) NIEHS winsim EPR, Duling, D., Laboratory of Molecular Bio-
the excited state, ranged from negligible for the orthogonal physics, NIEHS, NIH, DHHS, 1994.

_ (21) Gaussian 94, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P.
acenaphthofluoranthenkc to almost complete for the near M. W.. Johnson, B. G.. Robb, M. A.: Cheeseman. J.R.: Keith, T.. Peterson,

planar _dibr_omo analogue df We_ report_here the_quant?tative G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
determination of electron delocalization in the radical anion state V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;

i i i _ Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
for these s_tructurally gonstramed polycyclic aromatlc hydro Wong, M. W.: Andres. 3. L: Replogie. E. 8. Gomperts. R.. Martin, K. L.
carbons using a combined EPR and computational strategy. gy p. .- Binkley, J. S.; Defrees, D. J.: Baker, J.; Stewart, J. P. Head-
Gordon, M.; Gonzalez, C.; Pople, J. A., Gaussian, Inc.: Pittsburgh, PA,
(15) Plummer, B. F.; Steffen, L. K.; Braley, T. L.; Reese, W. G.; Zych, 1995.

K.; Van Dyke, G.; Tulley, BJ. Am. Chem. S04993 115 11542-11551. (22) & at the B3LYP/6-311G*//UHF/3-21G* level before/after annihila-
(16) Debad, J. D.; Bard, A. J. Am. Chem. Socd998 120, 2476~ tion: 1a, 0.778/0.7511b, 0.778/0.7512, 0.756/0.7503, 0.764/0.7504,
2477. 0.766/0.750.
(17) Watson, W. H.; Kashyap, R. P.; Plummer, B. F.; Reese, WAdE (23) Koh, A. K.; Miller, D. J.At. Data Nucl. Data Table4985 33,
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4800 J. Am. Chem. Soc., Vol. 122, No. 19, 2000

Table 1. Experimental and Calculated hfc’s [G] for Radical Aniohs4

Niemz et al.

proton 1atb 1p2P 1cabe 2ab 3ab 4ab

Ha 2.77 (3.10) 2.79 (3.02) 2.79 2.73(3.03) 4.15(4.53) 4.16 (4.23)
Hb 0.51 (0.94) 0.54 (0.86) 0.53 0.52 (0.98) 0.29 (0.98) 0.98 (0.87)
He 2.96 (3.54) 2.96 (3.47) 2.97 2.96 (3.61) 5.23 (5.78) 5.24 (5.42)
Hq 0.03(0.03) 0.04 (0.02) 0.00 0.53 (1.02) 0 (0.00) 0.22

He 0.04 (0.04) 0.00 (0.05) 0.00 0(0.03) 0921

XIH; 0.01(0.02) 0.01 (0.05) 0.23

Hg 1.15 (1.41) 1.08

a Experimental values obtained through curve fitting of the SEEPR spé&aiculated hfc’s (in parentheses) obtained using B3LYP/6-311G*//
UHF/3-21G*.¢ Calculations were not run ohc. ¢ hfc’s derived from spectral simulation, but not assigned to specific molecular positions (vide
infra).
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Figure 2. Low-field half of the EPR spectrum of the acenaphtho- 6-31G*  6-311G* 6-311G**  expt

fluoranthene2 radical anion: (a) experimental, bulk electrolysis2of

[10-°M], 0.1 M TBAP carrier electrolyte, THE: and (b) simulated. Figure 3. Calculated and experimental hfc’s for acenaphthofluoran-

thene2. Calculations were based on UHF/3-21G* geometry.

high-resol_ution spectra_for _the elec_trochemically ge’nerated the B3LYP self-consistent hybrid functional in the prediction
radlgal anions. Proton hyperfmg coupling constants (hic's) were of spin density distribution and isotropic hfc's in organic
gs:s;niitma S(El’_z(glr;ml;;m\%?t'onoir:jd ngle'g[%nlegingggresn-radicals. To determine the proper choice_ of basis set for our
. 9 .o y 9 . . system, we performed calculations at varying levels of theory.

expenm_e_ntal and simulated spectra was achieved (F|_gure 2)'In previous studies, B3LYP/6-31G*//UHF/3-21G*-calculated
Curve-fitting of the EPR specltra.for the .buttres_sed dlphenyl hfc values have been shown to be in excellent agreement with
acenaphthofluorantheneka—c indicated little spin density experimental result¥.?° For the radical anion of acenaphtho-
residing on the phenyl substlt_u_ents as evidenced by the Smallfluoranthene?_, we found that the B3LYP/6-31G* basis set gave
hfc’s for phenyl prqtons_. Adqnlona_lly, the hic’s of the core somewhat overstated hfc's. Higher level B3LYP/6-311G*-
protons are essentlallylldentlcal with those fqr the padnt calculated hfc’s were in good agreement with the experimental
indicating little perturbation of the core electronic structure due values, with little improvement seen with the more computa-
to the phenyl sub;tituents. From the experimental hfc's it is tionaIIy’ demanding B3LYP/6-311G** (Figure 3). Since experi-
apparent th"."t for _d|phen_yl _fluorantheeas weII,_ most .Of the mental and calculated hfc’'s are in good agreement, the
unpalrtt_ed”splT res;ldes V\/t':]h'n me c?]re.dThe L@S.'fal anlon.ofb'lthe computational results can be used to predict properties for our
essentially planas, on the ofher hand, exnibits appreciabie systems not directly accessible via simple EPR experiments,
hyperfine splitting caused by protons of the tied-back phenyl e.g. the changes in spin density distribution within thfame-
substituents, indicating more extensive electron delocalization. work

The experimentally accessible hfc’s can serve as a critical Geometry optimization (UHF/3-21G*) of the buttressed
benghmark for .the accuracy of comput.ationa}l results, which diphenyl acenaphthofluoranthengab showed the minimum
predlqt properties not d|r_ectly aqcess!ble_ via S|m_ple_ EPR energy conformation to have the phenyl rings perpendicular to
experiments, e.g. the spin denS|_ty distribution ywthm the the plane of the core. As with acenaphthofluoranthgnere
n-framework. To correlate the experimental results with changes | "o callent agreement observed between the DFT-predicted

n Isplmt' densl|tt[es, we 'cozlazrled OUt. a dstehrleis (I)f P';T'BiLYPd and experimental hfc’s (Table 1). Very little spin density was
calculations. 1t IS now widely recognized that calcuiations Dased ¢, g reside on the phenyl rings d&,b: 99% of the total

ﬁp U I_—|Fwa\é§ flJlgz)c}lgg\sl,vcr)‘\_/lerestlingtetsp|anerllsmefhagd EOUOD'C spin density is localized in the core (Table 2). This value is
¢S Inz-radicals. llé post-Hartree-~ock methods have quite constant for the analogous systehad, demonstrating

b;efent appl)(lled suci_cest_sfully ':0 study s;nall rad'ﬁ;s.és;mpma:'onalindependence between the electronic nature of the substituents
effort makes application to larger systems prohibi recen and efficiency of communication.

—30 i
research, wé and other groug$™* have shown the utility of For the less constrained diphenyl fluoranth@é¢he calcu-
lated structure for the anion radical has phenyl-core dihedral

(24) Chipman, D. MTheor. Chim. Actdl992 82, 93—115.
(25) Cramer, C. JJ. Org. Chem1991 56, 5229-5232.

(26) Qin, Y.; Wheeler, R. AJ. Phys. Cheml996 100, 10554-10563.
(27) (a) Niemz, A.; Rotello, V. MJ. Am. Chem. S04997 119 6833~
6836. (b) Bryce, M.; Moore, A.; Batsanov, A.; Howard, J.; Petty, M;
Goldenberg, L.; Williams, G.; Cuello, A.; Rotello, \I. Mater. Chem1999

9, 2973-2978. (c) Rotello, VHeteroatom. Chenil998 605-606.

(28) Adamo, C.; Barone, V.; Fortunelli, Al. Chem. Phys1995 102
384—393.

(29) Batra, R.; Giese, B.; Spichty, M.; Gescheidt, G.; Houk, K.JN.
Phys. Chem1996 47, 18371-18379.

(30) Barone, V.Theor. Chim. Actdl995 91, 113-128.
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Table 2. Spin Delocalization in the Radical Anioris-4

|core sd  |phenyl sd/ a)

PAH |totalsd |coresd® |phenylsdP C x 10?¢ C x 10?¢

la 2.309 2.286 0.023 8.79 0.19
1b 2.278 2.256 0.022 8.68 0.18
2 2.393 2.393 9.20

3 1.678 1.642 0.036 10.25 0.30
4 1.695 1573 0.122 9.50 0.79

aTotal spin density resident in coreTotal spin resident on
peripheral phenyls: Total spin density/number of carbons. Spin density
on protons and halogens3%.

Scheme 1.Top View of the Tied Back Diphenyl
Fluoranthenet Looking Down on the Methylene Protons
along the Center Axis of the Molecule for the Twisted
Conformer (a) in Thermal Equilibrium with Butterfly
Conformer (b)

angles of~67°, considerably lower than those for the radical Figure 4. DFT-B3LYP 6-311G* spin density distribution for (a) the
anions oflab. Even in this less conformationally restricted radical anion ofla and (b) the radical anion of in the butterfly
system, 98% of the spin density resides in the core fragment. conformation.
Comparison of the spin density per carbon atom for the phenyl ) ) ]
substituents indicates an approximately 50% increase3for substituents for the tied-back dl_phenyl fluoranthépeompared
compared tdlab. This still amounts, however, to only 3% of 0 only 1% for the orthogonal dlphenyl a_cenaphthofluoranthene
the spin density per carbon seen for the core carbons. lq and 2% for the less constrained diphenyl fluoranth8ne
The acenaphthofluoranthengab and2 as well as fluoran-  (Figure 4).
thene3 all represent symmetrical molecules of reasonably well-
defined geometry. Computational hfc's derived from single-
point calculations of the optimized geometries thus are found The radical anions of the 7,14-diphenyl-substituted acenaph-
to be in overall good agreement with experimental results. No thofluoranthenega,c effectively confine the unpaired electron
simple correlation, however, is possible between experimentalto the polycyclic core, due to a combination of the rigid
and computational hfc’s for the tied-back diphenylfluoranthene orthogonal alignment of the-bondedr-systems and the low
4. Geometry optimization o# resulted in two minimized spin density at the sites of substitution. The confinement was
conformations (Scheme 1), one with both phenyls up (butterfly), found to be independent of further substitution on the phenyl
the other with one phenyl up, one down (twisted). Their rings. A gradual decrease in spin localization is observed as a
comparable energy\AH = 0.614 kcal/mol) allows for popula-  function of decreasing dihedral angle in the radical anions of
tion of both conformers at room temperature, which is supported the 7,10-disubstituted fluorantheng@sand4.
by molecular dynamics simulations showing interconversion  7,14-Diphenyl-substituted acenaphthofluoranthenes are 2D-
between the two structures on the picosecond time scale. anisotropic systems with regards to their conductivity, capable
Both conformers exhibit distinctly different spin density of electron delocalization along the axis of the polycyclic core
distributions, resulting in vibrational averaging of hfc's. In and electron confinement along the axis of the phenyl substit-
addition, the distortion lowers the symmetry of the molecule, uents. Extensive electron delocalization in the first dimension
further complicating correlation between computational and can be achieved through electropolymerization of these systems,
experimental hfc’s. The agreement between experimental andwhich yields a ladder-type polymer due to carb@arbon bond
computational hfc’'s for the core protons4fhowever, justifies formation involving the naphthyl moietié& The bromo-system
the use of computational results as approximation for the actual 1c can be readily incorporated into phenylerseetylene and
electronic structure. Single-point calculations for both conform- other molecular wires, where it could act as a quantum well, in
ers of4 predict significant computational hfc’s caused by the which an unpaired electron can be confined. 7,14-Diphenyl-
phenyl-protons, in agreement with experimental results. Analysis substituted acenaphthofluoranthenes therefore provide intriguing
of the spin density distribution within the-framework reveals prospects as building blocks in the context of molecular
that on average 7% of the total spin density resides in the phenylelectronics.

Conclusions
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