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The possibility of electron binding to 9-acridinamiri@-AA) was studied at the second order
Mgller—Plesset perturbation theory level with the aug-cc-pVDZ basis set augmented with a diffuse
6s6p4d set that has proven appropriate in earlier studies of weakly bound anions. It was found that
both the amino and imino tautomers of 9-AA bind an excess electron to form stable anions. The
vertical electron attachment energies corresponding to the amino and imino form were calculated to
be 20 and 41 crt, respectively. It was found that while the imino 9-AA tautomer forms a typical
dipole-bound anion, the electron binding energy for the amino tautomer calculated at the
electrostatic Koopmans’ theorem level appears to be cancelled when the correlation correction to the
dipole moment of the neutral is taken into account at the MP2 level. Therefore, the stability of the
latter anion may be caused only by additional electron correlation effects, which are dominated by
dispersion interactions. For this reason, we suggest that this anion may be termed a
dispersion-bound anion. @001 American Institute of Physic§DOI: 10.1063/1.1419059

I. INTRODUCTION the long lasting interest in the tautomerism of 9-AA is quite

understandable. Depending on the experimental technique

employed, investigations that tried to determine which tau-
9-acridinaming9-AA) is a member oflthse class of com- tomer of 9-AA appears in experimental conditions can be

pounds known as heterocyclésee Fig. 177 Its relatively  interpreted as suggesting either the inifig* or amings=4°

high quantum yield for fluorescence causes 9-AA t0 be used, 1, on the other hand, the outcome of theoretical calcula-

as a fluorescent probe in biologically important systéms. o1 2rried out at the sémiempiri@a‘fzas well as Hartree—

Moretover, ?t')MI\ af‘d I'ts td el?vgtwlez. posbsests a (t]ut|_te tbroa(%ock(HF) and density functional theor§DFT) levels sug-
spectrum of biological activity including bacteriostatic, tran- gests the possibility of coexistence of the amino and imino

quilizing, analeptic, a_nd ant|h|§t§1m|n|c behavh’)r\_Ne also_ tautomers both in the gas phase least at elevated tempera-
note the photodynamic propertiése., bacteriostatic and vi- . iofd
ruscidal activity appearing in the presence of the light anc}ures) and in polar solvents solutiofls.

As indicated by earlier DFT calculatiofi3,both tauto-

oxygen of certain 9-AA derivatives. It has been demon- ic f ¢ 9AA dinol ts of simil
strated that this type of behavior is connected to the capabimer'c_ orms of = POSSEss dipole moments ob simiiar
magnitudefi.e., 3.4 and 3.8 Debye for the amirié) and

ity of a compound to intercalate with DNA and simulta- ¢ ) )
neously sensitize formation of singlet oxyg8n>The most IMiNO () tautomer, respectivelyInterestingly, proton trans-
gr in the amino—imino tautomerization produces an inver-

spectacular property, however, is undoubtedly the anticancé_ . e k .

activity of 9-AA derivativesi®~28 which is probably related Sion in the direction of the dipole momettThus, despite

to the intercalating ability of 9-AA itselt®~2 the similar magnitudes of these dipoles, the tautomers have

Because the biological features of a compound ar&/ery different electrostatic potentials, which may be impor-

strongly connected to its structural characteristics, its protant for molecular recognition at the cellular level.

pensity to exist in several tautomeric forms may account for ~ The values of the dipole moments of theand| tau-

the presence or lack of biological activity. It has been shownomers are larger than the value of 2.5 Deéflyéthat seems

for instance, that nitracrinéa 9-AA derivative exhibiting to be necessary to form experimentally detectable dipole-

anticancer activi§? crystallizes in its imino fornf/?®  bound anions. However, to the best of our knowledge, the

whereas its 2-nitro isomer, lacking antitumor properties, expropensity of 9-AA to support dipole-bound or other weakly

ists, in the solid phase, as a planar amino tautdth&Thus,  bound anionic states has not been discussed so far. Moreover,
due to the larger value of its dipole moment, the imino tau-

dAuthor to whom correspondence should be addressed. Electronic maiF.Omer should b_e rr_10r_e stro_n_gly StEl_bi”ZEd by EIe_Ctron bind-
simons@chemistry.utah.edu ing, thus reducing its instabilify relative to the amino form.

A. 9-acridinamine tautomers
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Hos  Hoy of the neutral parent molecule has proven to be crucial for

N His the stability of many dipole-bound anioPs®?°>%1 even
though the binding at the electrostatic-exchange KT level
was present. Moreover, correlation corrections to the dipole
moment, which in the case at hand cause the dipole to de-
crease, are usually essential to consider.

Hyp N23

C. The possible existence of “dispersion-bound”
anionic states

Treating the dispersion interaction has been shown to be
extremely important for calculating electron binding energies
of dipole-bound anions within “experimental accuracy;®®
It is believed that the presence of the charge-dipole potential
is necessary for excess electron binding in such species.
However, one can ask if the dispersion interaction itself
could be fully responsible for rendering an anion stable, for
example, in cases where the correlated dipole moment is too
small to bind the electron to any appreciable extent. That is,
let us assume théi) the molecule has no empty or half-filled
molecular orbitals so the existence of an electronically stable
valence anion is excluded, arfiil) the electrostatic and ex-
9-acridinamine (imino tautomer) (I) change interactions of the extra electron with the correlated
charge density of the neutral molecule are not sufficiently
attractive to a form stable dipole-bourdr quadrupole, oc-
topole, etd. anion. If an anionic state happens to be elec-
tronically stable under such circumstances, and if it can be
proven that its stability is mainly caused by the dispersion
interactions mentioned above, then we could be speaking

The binding of electrons to polar molecules has beerypout a new kind of anionic state—a dispersion-bound anion.
addressed in many theoretita®studies. It has been shown \while other kinds of weakly bound anions have already been
that, within the Born—OppenheiméBO) approximation, a giscussed in the literature.g., dipole-, quadrupol&*®®and
dipole moment greater than 1.625 Debye possesses an infictopole-bountf states, as well as the anions bound due to
nite number of bound anionic stat€salthough the more pojarization force¥), to the best of our knowledge, the ex-

practical critical value to experimentally observe a dipole-jstence of dispersion-bound anionic states has not been con-
bound anion bound by at least 1 chwas found to be some-  firmed in the literature thus far.

FIG. 1. Chemical structures of the amiritmp) and imino (bottom tau-
tomers of 9-acridinamine.

B. Dipole-bound anions

what larger, ca. 2.5 Deby#:* In fact, it seems that this In this work, we provide results afb initio calculations
“practical” value depends strongly on the size and chemicalpn the weakly bound anions formed by the ami#9 and
structure of a molecule. imino (1) tautomers of 9-AA. We describe the stability of the

Jordan and Luken demonstrated that the loosely boungipole-boundl ~ anionic state, and we discuss the nature of

electron in a dip0|e-bound state OCCUpieS a diffuse Orbita{heA_ anion which we propose may be a dispersion_bound
localized mainly on the positive side of the dip8feThis  anion.

finding was confirmed by many more recent studies. The role
of non-BO coupling has been studied by Garrett, who con-
- - . . METHODS

cluded that such couplings are negligible for dipole-boun
states with electron binding energies much larger than the Since the ground-state potential energy surface of the
molecular rotational constari8. neutral 9-AA has been recently studi€dye used the previ-

The simplest theoretical approach to estimate the eleausly optimized at the HF/6-31Gq,p) level] geometries of
tron binding energy(D) is based on Koopmans' theorem the amino and imino tautomers. Therefore, in this work we
(KT).%% The KT binding energyDX") is the negative of the discuss neither the geometrical parameters nor vibrational
energy of the relevant unfilled orbital obtained from afrequencies of these two neutral species. However, we recall
Hartree—Fock self-consistent-fie{l@CH calculation on the that bothA andl posses&, symmetry, but only the latter is
neutral molecule. The orbital relaxation effects, which areplanar. For theA tautomer, the symmetry plane is perpen-
neglected in the KT approximation, have been found to belicular to the conjugated aromatic rings and contaipsu@l
quite small for a variety of dipole-bound anionic staten both the exocyclic and endocyclic N atortsee Fig. L
contrast, the role of electron correlation has proven to be The geometry relaxation upon excess electron attach-
very significant. In fact, in many cases, the electron bindingment has proven to be negligible for all dipole-bound anions
energy of a dipole-bound anion has been dominated by thisrmed by rigid molecule&$*”51%0yet significant for van
contribution from electron correlation. In particular, the dis-der Waals complexes and systems containing hydrogen
persion interaction of the excess electron with the electronbonds>**3~>° Hence, we expected the geometrical param-
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]?c:?r‘l;]SinOf thg Q-AA tautomers to change only slightly upon 02 2 |<¢a¢|be||¢’¢5>|2:_ADMP2 -
g anionic states. Indeed, we checked that the SCF ge- €uisp (= e te—e—e disp »

ometry optimization of the anion supported by the amino achr=s FalFbe Fro s

tautomer led to negligible changes in geometrical parametenshere ¢, and ¢, are spin orbitals occupied in the unre-
(less than 0.0002 A for the bond lengths and less than 0.00&ricted Hartree—FockUHF) anion wave functiong, and

deg for valence and dihedral angleJherefore, we per- ¢, are unoccupied orbitals, and te's are the corresponding
formed our calculations of the electron binding energies abrbital energies. The subscript Ibe denotes the loosely bound
the equilibrium geometries of the corresponding neutrals selectron’s spin orbital.

the electron binding energies presented here are vertical elec- The total MP2 contribution t® defined as

tron attachment energie&AE). Because the methods we MP2_ ~MP2 SCE

used are based on an unrestricted Hartree—Fock starting AD™*=D"™*-D )
point, it is important to make sure that little if any artificial js naturally split into dispersion and nondispersion terms
spin contamination enters into the final wave functions. We

computed the expectation val(g?) for the species studied ADMP2= AD 2+ AD ¢ i ©)
in this work and found values of 0.7500 in all anion Cases, i A pMP2

: : T no-disp doMinated by the correlation correction to di-
Hence, we are certain that spin contamination is not Iarg‘f)ole moment. Since we performed our calculation up to the
enough to significantly affect our findings.

The electron bindi <D lculated usi MP2 level of theory, thé@M"? binding energies are our best
@ electron binding energieB) were calcuialed using - oqimates of the vertical electron attachment energies for the
a supermolecular approache., by subtracting the energies

: . 9-AA tautomers.
of the anion from those of the neutraSince the systems

basis set chosen to describe the neutral molecular host should

calculagtions to the second-order Maller—Plesset pertgrpatioBe flexible enough téi) accurately describe the static charge
theory® (MP2) level. The values oD were analyzed within distribution of the neutral andi) allow for polarization and

the perturbation framework described elsewiére. I:dispersion stabilization of the anion upon electron attach-

dvl\\//lepzhlou'dl f[ampthasmte tr;zi:]ourl W|tII|ngnes|s tol “?et SC ment. The calculations of the electron binding energies pre-
an evel treaiments of the electron-molecule Interacqqyi0q pere were performed with the aug-cc-pVDZ basis
tion are based on the large size of the species and the req

) X X Yo supplemented with abp4d set of diffuse functions
site basis set. It has been demonstrated in numero

Yentered on the exocyclic and endocyclic nitro-
studie§®~"that the MM series is often not convergent and yclic 6y yelic (hb)

| d by intruder states. H it i i ntent t gen atom, for the amino and imino tautomer, respectively
plagued Dy Intruder states. HoOWever, 1t 1S not our inten 0(see Fig. 1 for atom numberihgThis set of extra diffuse

fse tge de serles.to Olgteilk? convegged values for trt]e elecffunctions has proven to be very capable of treating a variety
ron binding energies. ather, we draw on our past experiag weakly bound anions. The aug-cc-pVDZ basis set was
ence in studying weakly bound anions using KT, MP2, and

: chosen since we earlier showed its usefulness in describing
higher levelle.g., CCSD af‘d C.:CS.ID)] treatments to sug- weakly bound anions compared to other commonly used
gest how electron correlation is likely to affect the present) . ioctron basis setThe extra diffuse functions do not
case. . . . share exponent values and we used even-temffesiseterm
The elgctrostatlc—exchange interactions of the. EXCES§ gy termp, and four-termd basis sets. The geometric pro-
electron with _the p_olar neutral molecule are taken .|nto_ aC'gression ratio was equal to 5.0 since we examined earlier that
count wherD is estimated at the KT level. The polarization such a factor is appropriate for neutral molecular hosts with
of the neutral.ho:f,(N) by the excess electron and the eﬁeCtlgipole moments in the 3.0—4.5 Debye rafg&or each sym-
of back_ pol_arlzatlon are taken Into account when the SC metry we started to build up the exponents of the extra dif-
calculation is performed for the anio(), and the accom- fuse functions from the lowest exponent of the same symme-

panying induction effects ob are given by try included in aug-cc-pVDZ basis set designed for nitrogen.

ADSCF= pSCF_ pKT (1) As a consequence, we achieved the lowest exponents of
ind ’ 3.91936<10°5, 3.59104<10 ©, and 3.6800& 10 “a.u.,
where for the s, p, andd symmetries, respectively. We verified that
the SCF electron binding energies of tAeand | anions
DSCF= EECF_ Eig': 2) increase by less than 0.5 chif one more set of andp
diffuse functions is added.
and EﬁCF and EﬁﬁF stand for the SCF energies of the neutral In computing correlation energies, all orbitals except the
and the anion, respectively. 1s orbitals of carbon and nitrogen were included. All calcu-

The dispersion interaction between the loosely boundations were performed with theaussian 98 prograni® on
electron and\ is extracted from the MP2 contribution . an SGI Origin2000 numerical server. The three-dimen-
The dispersion term is a second-order correction with respedtional plots of molecular orbitals were generated with the
to the fluctuation-interaction operator and it is approximatedvoLDEN programt®
here byADL\,’ifpz, which takes into account proper permuta- In order to avoid erroneous results from the default
tional symmetry for all electrons in the anion direct-SCF calculations with the basis sets with the |ayge
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TABLE |. Dipole momentgin Debyg and Ny; (exocyclig Mulliken partial
charged(in a.u) of the neutral amino and imino forms of 9-acridinamine.

TABLE Il. Components of the vertical electron binding energi2s(in
cm™Y) of the anions based on the amino and imino tautomers of
9-acrdinamine calculated with the aug-cc-pVBBs6p4d basis set at the

Amino 9-AA Imino 9-AA equilibrium geometry of the neutral.
SCl
MMPZ gigi 2323 Amino 9-AA Imino 9-AA
“ . .
g""(N,9) +0.266 -0.522 DT 5 13
ADZSF 1 2
ADMP2 20 31
. . ADr’\{lo-gisp —6 -5
andd sets of diffuse functions, the keyword SERNoVarAcc
Sum (VAE) 20 41

was used and the two-electron integrals were evaluated
(without prescreeningto a tolerance of 10°°a.u. We also
verified that basis set near redundancies are not present by

examining the lowest eigenvalue of the overlap matrix whichdipole potentials. To achieve more reliable values of the cor-
remains larger than 5:010°. responding dipole moments than those reported earlier on the
basis of the HF/6-31G{,p) calculations?® we estimatedu
values with the aug-cc-pVDZ6s6p4d basis set using both
SCF and correlated MP2 electron densitiese Table)l. Our

) o results indicate that the imino tautomer is more polar and its

_ Eve_n though the mechanls_m of th_e t_automerlzanon reacscr dipole moment is larger by 0.513 Debye than the cor-
tion which leads from the amino to imino 9-AA andce  egponding value obtained fér. The correlated MP2 calcu-
versaremains unknown, it is believed that both theandl |5ti0ns showed that these dipole moments are overestimated
forms are present in the gas phase, as well as in solutiong ihe SCF level, but the value pf*P2 remains larger fot

(see discussion given in Ref. 4®ne of the interesting con- han forA (by 0.626 Debyg This suggests that the electro-
sequences of this prototropic tautomerization is a dramatigiatic contribution to the excess electron binding is reduced

change in the electrostatic potential around the neutral molyhen electron correlation effects are taken into account.
ecule. Namely, as indicated by the analysis of the partial

atomic charges, the positive and negative “sides” of the mol- ) ) o

ecule switch places and the electrophylic region of the exol: Dipole-bound anion supported by the imino
. . . .. _tautomer of 9-AA

cyclic N,; atom in the amino form becomes nucleophilic

when the imino tautomer is formed. Indeed, the partial Mul- ~ We begin our discussion of the electron binding energies

liken charge of+0.266 a.u. on b in A, becomes strongly from the Koopmans’ level which includes only electrostatic—

negative(—0.522 a.u. in | (see Table ). A more detailed exchange interactions of the excess electron with the uncor-

description is given in the electrostatic potential maps derelated SCF charge distribution of the neutral molecple

picted in Fig. 2. It seems clear that the negative “pocket”marily characterized by the dipole moment, but interactions

IIl. RESULTS AND DISCUSSION

A. Neutral A and | tautomers

localized near the endocyclic,j)latom in the amino tau-
tomer moves to the other side of the molec(itgo the vi-
cinity of the exocyclic N5 atom) upon Hs proton transfer.

with higher permanent multipoles and penetration effects are
also includedl For the imino 9-AA tautome X" shown in
Table Il is very smal(13 cmi %) which is consistent with the

Such a reverse of the electrostatic potential topology maynagnitude of its dipole moment. The SCF binding energy
have important consequences for interactions of 9-AA withincludes orbital relaxation and thus takes into account static
other biologically important systems since it may affect thepolarization of the neutral molecule by the extra electron and

9-AA recognition at the cellular level.

the secondary effect of back polarization. We found these

It was recognized earlier that neither the amino norcontributions(which can be interpreted as orbital relaxation
imino tautomer of 9-acridinamine forms an electronically corrections toDX”, denotedAD3Sh) to be extremely small

stable valence anionic stdté However, both theA and |
isomers are polar and their dipole momefys are larger

for I~ and responsible for 5% of the total value Bf Al-
though usually significant for valence-bound anions, orbital

than 2.5 Debye, which made us consider the possibility ofelaxation effects are often negligible and rarely responsible
extra electron binding due to its interaction with the chargefor more than a few percent of the total value ffor the

FIG. 2. Electrostatic potential maps around the neutral anfief) and
imino (right) 9-AA tautomergdepicted with the 0.003 a.u. contour spaging
The negative potential curves are indicated by the dotted lines.

majority of dipole-bound anions studied so Yar.
The contribution denoted D}it> in Table Il results from
dynamical correlation between the loosely bound electron
and the electrons of the neutral molecule. This stabilization is
caused by quantum mechanical charge fluctuations, and is
the largest contribution to the totBl for the anion supported
by the imino tautomer. This importance of th®{y? term is
consistent with our earlier results for other dipole-bound an-
ions, however, fot ~ it is more than 2 times larger than the
electrostatidDXT stabilization, which is rather untypical.
In addition to the dispersion interaction, other electron

correlation factors may also affect the charge distribution
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C. Anion supported by the amino tautomer of 9-AA

At first glance the anions based on the amino and imino
tautomers of 9-acridinamine look quite alike, so it is tempt-
ing to label both of them as dipole-bound statese theiD
values in Table Il and their SCF orbitals the top part of the
Fig. 3. However, we became intrigued by the observation
that for A~ the sum of the binding energy calculated at the
Koopmans’ electrostatic-exchange levB(=5cm 1) and
SOMO orbital calculated SOMO orbital calculated the ADﬁgF (1 Cmfl) term is cancelled by thADnMongisp term

from the SCF density from the SCF density ] . . h .
(=6 cm ). Since the second-order nondispersion correction
A I~ (ADMP2 ) is dominated by the correlation correction to the
static Coulomb interaction between the loosely bound elec-
tron and the charge distribution of the neutral host, we con-
clude that the charge density of the neutral molecule is in-
correctly reproduced at the uncorrelated Ie\&CH. This, in
turn, leads to significant overestimation of batfandD. The
fact thatA Dy g, cancelsD¥T+ AD 5  indicates that if one
used the correlated charge density Agrthe resulting dipole
momenty is not large enough to support an anionic sfate.
Moreover, even though the SCF singly occupied molecular
FIG. 3. Singly occupied molecular orbital in anions of the anfileft) and ~ Orbital in A~ (Fig. 3 top lefy exhibits a character typical for
imino (right) tautomers of 9-acridinamine calculated from the S@p) and  dipole-bound anions and very similar to thatl6f, the natu-
MP2 (bottom electron densitiescontour spacing 0.0017 boti?). ral orbital calculated from the MP2 density looks very dif-

ferent(see Fig. 3, bottom left Such is not the case for the

imino tautomer of 9-AA which we consider to be a dipole-

bound anionic state; for~ the SCF and MP2-level orbitals
(and hence the dipole momerf the neutral molecule and are nearly identicalFig. 3, right column. These data again
thus its electrostatic interaction with the extra electron. Thissuggest that the correlatéP2) A~ state is qualitatively
effect appears at the MP2 level and is denoted\By ¢,  different from the correlated .
In the case of thé~, MP2 electron correlation effects reduce ~ We therefore suggest that if the excess electron is not
the dipole moment of the neutral system as discussed earli&ound by the correlated dipole potential as appears to be the
(by 0.15 Debyg in comparison with the SCF valugsee case forA™, the corresponding anion should not be called a
Table ). Therefore the value kD ge,is destabilizing, yet ~ dipole-bound state. So what kind of state\is? We suggest
the total MP2 contribution t® is substantial and stabilizing calling this anion dispersion bound. Again, to distinguish be-
due to the dominant role of the dispersion component. Ifween |~ and A, if dispersion effects were absert,
particular, the total MP2 contribution is responsible for morewould still be bound buA™ would not. So, the existence of
than 75% ofD for the anion based on the imino tautomer. A~ depends on dispersion while the existencd ofarises
Combining all of these contributions produces our final pre-from dipole binding.
diction for the vertical electron attachment energy of 41 ~ We believe there could be a multitude of such anions
cm L that have yet to be discovered for which two situations are

The molecular orbital holding the excess electroriin  possible(i) a dispersion-bound anion is artificially bouas
is depicted in Fig. 3right column where both the SCF and iS A™) at the KT electrostatic level due to the overestimated
MP2 natural spinorbitals are shown. As is typical for dipole-SCF dipole moment of the neutral molecule—J the an-
bound anions, this orbital is very diffuse and localizedion is not bound at the KT level. The second case is actually
mainly outside the molecular framework, near the positivemore difficult for us because the LUMO of the neutral is not
centroid of the molecular host. Note that the region of spac@ good “starting point” for subsequent treatment of disper-
occupied by this orbital is consistent with that of the electro-sion.
static potential ol shown in Fig. 2. In order to test whether our values of the SCF dipole

We consider the anionic state bf to be a dipole-bound moment and KT binding energy for the™ are stable with
state even though the dispersion contribution to the bindingiespect to the basis set used, we performed two additional
is the largest since(i) the lowest nonvanishing multipole tests.
moment of the neutral molecular holstis the dipole mo- (i) We replaced the #%p4d diffuse basis with a
ment; (i) 1~ is bound at the electrostatic KT level and re- 7s7p5d basis and found thatS°F and DX changed less
mains bound even when the reduction in dipole momenthan 0.0001 Debye and 0.3 ¢t Then, keeping thes7p5d
caused by correlation is taken into consideratiGin) the  diffuse basis, we verified that the MP2 dipole moment
excess electron ih~ resides in a diffuse fully symmetric changes by less than 0.00005 Debye when compared to
molecular orbital localized outside the molecule in the vicin- P2 obtained with the 66p4d basis.
ity of the positive side of the dipolésee Fig. 3 (i) We replaced the aug-cc-pVDZ6s6p4d basis set

SOMO natural orbital calculated SOMO natural orbital calculated
from the MP2 density from the MP2 density
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