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It has recently been found that 2,7-diazapyrenes upon interaction with nucleic acids form stacked
(“intercalation”) complexes, which for the methylated derivatives exhibit new absorption features assigned
as charge-transfer (CT) transitiohsTo better understand the basis of these interactions and associated optical
properties, the geometries and electronic spectra of complexes of adenine (A) with 2,7-diazapyrene (DAP),
N-methyl-2,7-diazapyrenium (MDAB, andN,N-dimethyl-2,7-diazapyrenium (DMDAP) have been modeled

using semiempirical AM1 and PM3 geometry optimizations, ab initio (vacuum and Onsager model) energy
calculations, and ZINDO/S calculations. In addition, absorption spectra, fluorescence quenchifig, and
NMR spectra for the complexes in agueous solution have been measured. For the A-DAP complex, a coplanar,
hydrogen-bonded complex is predicted by the calculations, while A-MDafRl A-DMDAP*™ complexes

should have edge-to-face geometry. The association is predicted to be of electrostatic nature, mainly between
the pyridinium nitrogen (MDAP, DMDAP?") and N/NH, of adenine. There seems to be a preference (6
kcal/mol) for the hydrogen-bonded A-DAP complex, and the energetic difference between face-to-face and
edge-to-face A-MDAP and A-DMDAP** complexes is 3 and 8 kcal/mol, respectively (Onsager ab iritio,

= 79.5). By contrast, thtH NMR data and experimental absorption spectra in conjunction with calculated
spectra instead indicate that all three adeniti@zapyrene complexes assume face-to-face arrangement in
water because of hydrophobic effects. In agreement with the putative CT absorption of diazapyrenium
DNA complexes, absorption tails are also observed for A-DMBA&d A-MDAP', however not for the
A-DAP complex. Most satisfactorily, charge-transfer transitions are predicted by the calculations to occur in
the correct wavelength region for A-DMDZAP (strongest) and A-MDAP, while A-DAP is predicted not to

have any CT transitions. Correspondingly, the observation of quenching of fluorescence ofMiDAP
DMDAP?* (but not DAP) by adenine can explained by charge transfer from adenine to the diazapyrenium.

Introduction of rotational freedom within the intercalation pocket, when
passing from the nonionic DAP to its methyl derivatives, may
be a result of the ionic charge of the ligand molecule.
Furthermore, it was found that the absorption spectra of the
diazapyrene DNA complexes (Figure 2) differ in a significant
way. While the spectrum of DAPDNA shows only hypo-
chromism and red-shift, the spectra of MDAPDNA, and
especially DMDAPT—DNA, also tail far into the visible. The
tailing was ascribed to charge-transfer absorption. To obtain
more information about the interaction of DAP, MDAPand
DMDAP2+ with the nucleobases, we here investigate the
r1‘ormation, and the photophysical and thermodynamic properties,
of their molecular complexes with adenine using fluorescence
spectroscopy and quantum mechanical calculations. 1t is
¥oncluded that all three diazapyreredenine complexes are
of face-to-face type in agueous solution, and that the complex-
ation is mainly driven by hydrophobic effects. The MDAP
DNA and DMDAP>*—DNA absorption tails can be explained
by a distribution of charge-transfer transitions.

Azaaromatic compounds such as 2,7-diazapyrene (DAP) and
its N-methyl cationsN-methyl-2,7,-diazapyrenium (MDARB,
andN,N-dimethyl-2,7-diazapyrenium (DMDAP; Figure 1) are
of long-standing interest in general because of their photophysi-
cal properties, specifically in context of interactions with
DNAZ=* and some of its mononucleotidesdn a study dealing
with complexes of quaternary azaaromatics with aromatic
anions, association of DMDAP to adenine (A) was indicated
by the occurrence of fluorescence quencHing.face-to-face
arrangement of donor and acceptor moieties was proposed o
the basis of'H NMR shift data, but neither ground-state
interactions nor the excited-state properties of such diazapy-
rene-nucleobase complexes have yet been characterized at an
detail. In nucleotide-DMDAP' electron-transfer experiments,
the limiting rate constant was found to be ca. 200 times smaller
than expected for a contact charge-transfer compl&kis was
explained by a doneracceptor distance of about 10 A, at
variance with the proposed face-to-face arrangement.

Th_e three _diazapyrenes DAP, MDAP and DMDAP* _ Experimental Section
provide a series of homologs where charge, electron density, . . ) .
and hydrogen bonding sites vary while thegurface” remains Adenine and adenosine were purchased from Sigma-Aldrich
essentially unchanged. We have recently characterized theirCO- and used without further purification. DAP, MDAPand
interactions with DNA using linear and circular dichroism DMDAP?* were prepared according to the literat@fe Fluo-
spectroscopy, and calorimettyFrom the spectroscopic results ~ "€scence and absorption spectra were recorded in deionized
all three compounds were concluded to bind to DNA by Water, and van't Hoff plots constructed from fluorescence

intercalation between basepairs. It was suggested that restrictiorfluénching data and absorbance measurements. Fluorescence
lifetimes were measured both by the phase-modulation technique

* To whom correspondence should be addressed. on a Spex Fluorolog-2 using a 370 nm cutoff filter in the
€ Abstract published irAdvance ACS Abstractdjovember 15, 1997. emission channel, and by time-correlated single photon counting,
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Figure 1. (a) 2,7-Diazapyrene, (bY-methyl-2,7-diazapyrenium, (¢),N'-dimethyl-2,7-diazapyrenium, and (d) adenine. The dashed lines indicate
the division of the molecules for the charge separation calculation. The coordinate system shows the axes used in the transition moment assignments.

T T T T T T T Hartree—Fock Energy Calculations. As the size of the

@ studied systems precluded full ab initio geometry optimizations,
only single-point calculations at the HF/6-31G*//PM3 level were
performed using the Gaussian 94 suite of progfaonsSilicon
Graphics and IBM RS/6000 workstations. The relative energies
of the complexes were calculated as

)
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© where BSSE denotes the basis set superposition error. In the
case of the fully optimized complexes, the BSSE was calculated
as the energy difference between the monomers as taken from
00 . 1 L 1 L I L the semiempirically optimized complex, with and without the
18 20 2 o8 28 0 320 basis set of the neighboring molecule (Gaussian keyword
v (em™) MASSAGE). This was done in order to take into account the
Figure 2. Absorption spectra of (a) DNA-DAP (solid), and A-DAP  possible geometry changes during the optimization.
(dashed), (b) DNA-MDAP, (c) DNA-DMDAP?*" at pH 7. Note the To take into account the effects of water, the Onsager model
absorption tails in DNA-MDAP and DNA-DMDAP®". The increase gqlf consistent reaction field (Gaussian keyword SERPOLE)
in absorption at the blue edge of the spectra is due to absorption of thewas used. Solute cavity radii were determined in separate
nucleobases. . . . .
calculations using the keyword VOLUME, and the dielectric
constant was set to 79.5.
Since the individual atomic charges are strongly affected by
both the choice of Hamiltonian and by the method of population
analysis, we generally have avoided drawing any conclusions

and DMF4, on a 400 MHz Varian instrument. The residual based on the comparison of atomic charges. To estimate the

arge shift (induction) in the complexes, the molecules were
E‘r(gsDa;Erszgt?:r?ce was, when necessary, suppressed by OIeCOUpI&ivided into two parts each (Figure 1, dashed lines). The

individual atomic charges obtained from the ab initio Mulliken
population analysis were summed up for estimation of the charge
of the molecular fragments. For the three diazapyrenes, the

Geometry Optimizations. AM1 and PM3 calculations were division is done along the molecular short-axis. Due to the lack
performed using MOPAC 67®n an IBM RS6000 workstation. ~ Of symmetry in adenine, the molecule was arbitrarily divided
Optimizations were performed using tight SCF and gradient into two parts, one consisting of the five-membered ring, and
criteria (MOPAC keyword PRECISE). The methodology of the other containing the ring atoms 1, 2, 3, and 6, as well as
the optimizations involved the following steps. (1) The adenine the exocyclic amino group. _ _
was placed 3.5 A from and parallel to the diazapyrene plane, Calcqlatlon of Electronic Absorption Spectrg. Electronic
shifted toward one of the diazapyrene nitrogens. (2) The absorption spectra of both face-to-face oriented and fully
adenine was rotated around the normal axis of the adenine plan@Ptimized complexes were calculated using the ZINDO/S
through 360 in 10° steps, and the energy was calculated for Program?® For the singly excited configuration interaction, a
each arrangement. (3) From the deepest energy minimum, theC! space |nclud|qg all single excitations among therpand
adenine was moved both toward and away from the diazapyrene/7* molecular orbitals was used.
and the energy was calculated for each interplanar separation.

(4) From the lowest energy arrangement, a full geometry Results
optimization was started. (5) The vibrational spectrum was  Absorption and Fluorescence Spectra of AdenineDiaza-
calculated for the optimized geometry and checked for imaginary pyrene Complexes. Diazapyrenes DAP, MDAP, and DM-

o
n
T
1

using a nitrogen filled Edinburgh Instruments flashlamp for
excitation at 337 nm, and a JobilYvon monochromator for
the emission. Absorption spectra were recorded on a Varian
Cary 4B spectrometer!H NMR spectra were recorded in,O

Quantum Mechanical Calculations

frequencies. DAP?* have very similar absorption spectra characterized by a
To examine the possible formation of diazapyremater first transition (L) around 400 nm, and a second transitiog) (L

complexes, a water molecule was placed in the vicinity of the around 330 nm (Figure 3&). The transitions are known to

pyridine nitrogen (DAP) or pyridinium nitrogen (MDAR be polarized along the molecular short- and long-axes, respec-

DMDAP?2"), and a full geometry optimization was started. tively.ll Around 230 nm there are two more transitions,
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TABLE 1: Calculated (ZINDO/S; PM3 Structures) and Observed Transitions of the Diazapyrenes and Their Complexes with
Adenine. Experimental Values in Parentheses

species

energy (cm)

oscillator strength

transition character

polarization

DAP

A-DAP face-to-face

A-DAP hydrogen-bonded

MDAP*

A-MDAP* face-to-face

A-MDAP* edge-to-face

DMDAP?*

A-DMDAP?2* face-to-face

A-DMDAP?2* edge-to-face

a See Figure 1 for coordinate system. In the complexes, “out of plane” means the transition is directed out of the plane containing the diazapyrene.

polarized perpendicularly to each other. The results of the 10
ZINDO/S calculations are in good agreement with the observed
transition energies and polarizations (Table 1). The absorption os
and fluorescence spectra of DAP, MDARand DMDAP* are

related by mirror symmetry, and characterized by small Stokes . 00
shifts (ca. 100 cmt) for DAP and DMDAF, and a somewhat
larger shift (ca. 470 cm) for MDAP™. Fluorescence quantum
yields are around 0.5, lifetimes of fluorescence being about 10

ns.

For all three diazapyrenes the absorption intensity of the first
two transitions is lowered by the addition of adenine, indicating
the formation of ground-state complexes (Figure 4). Addition 05
of adenine to an aqueous solution of DAP results in a slightly
red-shifted emission of enhanced intensity (Figure 4a). The 093
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30780
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emission intensity of 7uM DAP is doubled at an adenine
concentration of 3.5 mM. With one lifetime held fixed to the

lifetime of the uncomplexed DAP (14.4 ns), the lifetime of the

A-DAP complex could be estimated to ca. 20 ns, which is

comparable with the lifetime of DAP intercalated into poly-

(dA-dT), (24 ns)! From absorption titration experiments the M1

v(em™)

Figure 3. Absorption and emission spectra of (a) DAP, (b) MDAP
and (c) DMDAPT in water.

40 45 50x10°

association constant of A-DAP was determined to be ca. 140
Since the pure spectrum of A-DAP was unknown, an
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Y ya— : T " @ TABLE 3: NMR Chemical Shifts in Parts Per Million (in
" osle o T meeasing | A %2 D0) for Adenosine (ca. 25 mM), MDAP", DMDAP2+ and
o [adenine] \ Adenosine-MDAPY/DMDAP 2* Mixtures. See Figure Next to
- 0'4 . ) 0.1 Table for Proton Designation. Chemical Shifts Are Relative
o 3x10°” to HOD (4.80 ppm), and Ratios Are Given as
8 =3 = — -1 Adenosine:Diazapyrenium
R Y A . Gaomet| a© z
£ 15k ° W g CHs
& 05f ) el 8- 01 g N* Ha Proton | Pure? | 1:0.9
£ ¢ d ° : H Ha 9.58 | 9.49
3 B
@ 00 . © 00 Hp  [838 | 814
O Tyt i
’ denmelt 05 Y He He | 942 | 919
0.5 pZ
N” "Hp Hp 828 | 8.08
0.0 0.0 HMme | 485 | 483
15
NH, H? 825" | 7.96
. . L 8
Figure 4. Absorption and emission spectra at 2D of (a) A-DAP, N N\>_ e H 8.12" | 7.58
(b) A-MDAPT, and (c) A-DMDAF at varying adenine concentration. K2 SN HY 599 | 5.68
Insets: |/l andzo/z, the dashed lines being the best fitH|;z[A]) to . H? 473 | 450
the lifetime data, and the solid lines the best fits lefl to HO-GH.’ : : :
(1+KSA]) x (1+kgr[A]). H H | 437 | 429
. . H H HY | 425 | 421
TABLE 2: Dynamic Quenching Constants, Rate Constants HO OH . —
for Dynamic Quenching, Association Constants, and H 3.84 | 382
Thermodynamic Parameters for A-DAP, A-MDAP*, and
A-DMDAP 2+ CH
| K ; Ko AR A Nt 3 Ha Proton | Pure | 1:0.4
comprex ° s ° | A Ha' 1995 | 996
A-DAP n/a n/a 140 -9 —-20 — Hg' He
A-MDAP* 50 5x10° 150 -5 -8 B 1870 872
A-DMDAP2*+ 50 5x 10° 50 ca.—6 ca.—10 l AN Hg' Hme | 494 | 494
aln M~ at 20°C.?In M1 st at 20°C, calculated forrypapr™ = NZ “Hy' H? 825% | 8.15
10.6 ns andpmpar?t = 10.5 ns.°In kcal/mol. 9 In cal/mol K. CHa H8 8.12b| 7.92
6ol T T T T T T ] H! 5.99 5.87
5
55 a A-DAP ° ] H 4.73 4.64
o A-MDAP" o HY | 437 | 435
. 50F o A-DMDAP” - ;
2 ut | 425 | 424
o 45 o — )
E HS 384 | 3.84
40+ u} o -
351 N 2In dilute solution.P Distinguished by selective deuteration offH.
a
3.0 1 1 1 1 1 1 A . . . . . .
30 31 32 3300 34 33 36 3710 DMDAP?*, resulting in too high d/I ratios while leaving the
T K 70/T ratios unaffected.
Figure 5. van't Hoff plots for A-DAP, A-MDAP*, and A-DMDAF*". We have also investigated Bi# NMR the complexation of

adenosine (chosen for solubility reasons) with MDA&nd
DMDAPZ2*. The association of adenine with DMDAPhad
been studied by NMR previousybut no chemical shift data
have been reported. The A-DMDAPdata should be inter-
preted with some care, since DMDAP seems to oxidize
Contrasting the enhanced fluorescence in A-DAP, the fluores- adenosine at an appreciable rate at NMR concentrations (solu-
. or tions turned greenish-brown). In fluorescence quenching ex-
cence of aqueous solutions of MDAPor DMDAP?* is . : . . .
. . .Spenments, adenosine and adenine behave identically upon
guenched by the presence of adenine (Figure 4b,c). Notable i ddition of the diazapvrenes. The addition of MDARS
a broadening of the MDAP and DMDAP* L, absorption addil Zapy : : .
. . ' solutions of adenosine ind affects the chemical shifts of both
accompanying the_hyppchromlmty. SteMoImer_pIots (Figure . compounds significantly (see Table 3). Thé of the MDAP*
4b.c, m_sets)_, taking 'F‘t‘? account both static and dyqamlc protons appears mainly to be due to self-association, as the
quent{:)hmg, yield assciuatlon constants+of 1501’”?" SoOM chemical shift is concentration-dependent. Of the adenosine
at 20 .C _for A-MDAP™ and A-DMDAP=, re_sp_ectlvely. The protons, H shows the largest shift difference .54 ppm) upon
association constant found for A-DMDAPs in agreement 5 qqition of MDAP*. H?is also shifted markedly upfield (0.29
with a previous repoft.The dynamic quenching rate cons.tant ppm). As for the sugar protons, thad decreases with
was found to be 5 10°s™* M~ for both systems. Quenching  jncreasing distance from the adenyl system. The behavior of
data for complex formation are summarized in Table 2. the adenosine resonances upon addition of DMBAR
All three complexes were found to be formed in exothermic essentially the same as in the MDAPBase, although the effects
reactions (Table 2, Figure 5). The data obtained for the enthalpy are smaller, probably due to the lower association constant. Self-
of formation of A-DMDAP’" are too uncertain to allow any  association of DMDAP* seems to be negligible. Water,
conclusions about magnitude and sigm\&, but AH® appears apparently, is a prerequisite for significant complexation, as the
to be more negative than found for A-MDAP The experi- IH NMR spectra of mixtures of adenosine and MDAR DMF-
mental uncertainty may be due to oxidation of adenine by dy, recorded at 20C and at—40 °C, were merely superpositions

iterative procedure was used for determining the association
constant. The final A-DAP spectrum (Figure 2a, dashed line)
shows hypochromicity (1:630%) and a red shift of ca. 200
cm~* for the Ly, transition, and ca. 400 crhfor the L, transition.
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TABLE 4: Heats of Formation and Complex Stabilization Energies Calculated with PM3 and AM1

PM3 AM1
species AH; (kcal/mol)  A(AHy) (kcal/mol) interplanar spacing (A) AH; (kcal/mol) A(AHs) (kcal/mol) interplanar spacing (A)
adenine 55.97 86.80
DAP 78.13 87.16
MDAP* 226.52 238.84
DMDAP?* 440.06 454.76
H.O —53.43 —59.24
A-DAP 133.70 -0.4 4.8 173.78 -0.2 5.1
(face-to-face)
A-DAP 131.44 —2.7 170.92 —-3.0
(hydrogen-bonded)
H,O—DAP 23.27 —1.4 25.24 —2.7
(optimized)
A-MDAP™* 279.99 —-25 4.4 323.50 —-2.1 4.6
(face-to-face)
A-MDAP™* 275.75 —6.7 319.16 —6.5
(edge-to-face)
H,O—MDAP* 164.80 —8.3 171.30 -8.3
(optimized)
A-DMDAP?Z* 490.87 —5.2 4.3 537.11 —4.4 4.2
(face-to-face)
A-DMDAP?+ 484.51 -12 531.04 —10.5
(edge-to-face)
H,O—DMDAP?* 374.89 —-12 383.71 —-11.8
(edge-to-face)
CHs to-face complexes show little or no charge transfer character.

¥

NN

Figure 6. Optimum face-to-face geometries for (a), (d) A-DAP; (b),
(e) A-MDAPT; and (c), (f) A-DMDAP*. (a)—(c) are PM3 calculations;

(d)—(f) are AM1 calculations. The diazapyrene hydrogens have been

omitted for clarity.

of the component spectra. The upfield shifts of the adenosine

There is some degree of charge shift in the adenine moiety, but
it is only on the order of 0.01 electron units. The common
geometric feature seems to be a short (diazapyrengadenine

N) distance (Figure 6).

The optimized A-DAP complex is characterized by coplanar
side-by-side arrangement of adenine and DAP, involving
association by hydrogen bonds from H(1) of the diazapyrene
to N(3) on adenine, and from H(9) on adenine to N(2) on DAP
(Figure 7a and d). Hydrogen bonding is evident both from the
charge distribution and the bond lengths: in adenine, the five-
membered ring is donating electrons (net 0.02 charges) to N(2)
of DAP, while the 6-membered ring fragment is accepting 0.03
charges from H(1) of DAP. The carbeiydrogen and
nitrogen—hydrogen bonds involved in hydrogen bonding are
elongated by 0.3 pm, compared to the corresponding bond
lengths in adenine and 2,7-diazapyrene. However, there are
several possible hydrogen-bonded arrangements, most of which
are energetically equivalent to the ones shown in Figures 7a
and 7d.

resonances are consistent with a face-to-face arrangement, and In contrast to the coplanar, hydrogen-bonded geometry
the need for water as solvent shows that hydrophobic effects Predicted for A-DAP, the geometries calculated for A-MDAP

are important.

Quantum Chemical Calculations: Geometries. Both of edg c > SHC [
the semiempirical methods (AM1 and PM3) predict that face- and 7e,f, and indicate considerable polarization of the adenine
to-face arrangements be stabilized (Table 4; Figure 6). How- Moiety. Thus, for A-MDAP, PM3 predicts the adenine N(1)
ever, full geometry optimizations give the structures shown in to be pointing toward N(2) of MDAP. AM1 calculations lead
Figure 7. The vacuum condition ab initio calculations (Table to @ similar structure, with adenine N(1) pointing toward N(2)
5) qualitatively agree with the semiempirical results, although and the methyl group in MDAR. There exist other, geo-
the semiempirical methods seem to underestimate the strengtinetrically similar, arrangements of almost identical energies as
of the hydrogen bonds in A-DAP, and the face-to-face stabiliza- those shown in Figures 7b and 7e, all of which are characterized
tion in A-MDAP* and A-DMDAP*". Inclusion of the solvent
reaction field gave the results summarized in Table 5.

The optimal face-to-face distance (according to AM1 and

and A-DMDAP** by the AM1 and PM3 methods reveal an
intermolecular edge-to-face association, as shown in Figures 7b,c

by edge-to-face association, and a broad potential energy
minimum.

Compared to the electronic indifference of adenine to the

PM3) was found to decrease with the charge of the complex. MDAP* cation noted in the face-to-face geometry discussed
For the uncharged A-DAP complex the optimum was found at above, the electronic interactions in the edge-to-face geometry
about 5 A, while the optima for A-MDAP and A-DMDAP*
were found at 4.5 and 4.2 A, respectively.

The ground-state perturbation of the monomers, as judgedadenine, where the induced charge separation is ca. 0.05 electron
from the intramolecular charge shift, varies significantly
between the face-to-face and optimized arrangements. All face-0.015 electron units, thus increasing the dipole moment of

(Figure 7b,e) are 2-fold. Primarily, induced dipoles are formed
in both adenine and MDAR This effect is most profound in

units, but also MDAP undergoes a charge displacement of ca.
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Figure 7. Fully optimized structures of (a), (d) A-DAP; (b), (e) A-MDAPand (c), (f) A-DMDAP* according to PM3 [(a}(c)], and AM1

[(d)—(P]. The numbers are predicted interatomic distances in A.

TABLE 5: Hartree-Fock Energies for PM3 Optimized Monomers, Face-to-face Complexes, and Fully Optimized Complexes

Species EHFa AEb BSSF_b AEb'C ESCF\’Fa AESCRﬂJ BSSE AESCRS’C
adenine —464.49274 —464.49418
DAP —643.73951 —643.73951
MDAP* —683.15032 —683.16112
DMDAP?* —722.45676 —722.45676
H>0 —76.01056
A-DAP —1108.23253 —0.18 0.01 -0.17 —1108.23305 0.40 0.19 0.59
(face-to-face)
A-DAP —1108.24417 —7.48 1.11 —6.4 —1108.24489 —-7.0 1.10 —-5.9
(PM3 opt)
H,O—DAP —719.75464 —2.87 1.26 -1.6
(PM3 opt)
A-MDAP* —1147.65052 —4.68 0.63 —4.1 —1147.65869 -2.1 0.63 —-1.5
(face-to-face)
A-MDAP* —1147.65216 —5.71 1.10 —4.6 —1147.65436 0.59 111 17
(PM3 opt)
H,O—MDAP* —759.17317 -7.71 1.28 —6.4
(PM3 opt)
A-DMDAP?2* —1186.96332 —8.67 0.73 —-8.0 —1186.97228 —13.4 0.74 -13
(face-to-face)
A-DMDAP?2* —1186.96675 —10.82 1.33 —-9.5 —1186.98646 —22.3 1.39 -21
(PM3 opt)
H,O—DMDAP?* —798.48740 —12.60 1.29 -11
(PM3 opt)

2|n Hartrees?® In kcal/mol relative to monomers§.Including BSSE.

MDAP*. As a secondary effect, 0.02 electrons are transferred described for A-MDAP. PM3 predicts a pure edge-to-face
from adenine to MDAP, thereby forming a weak ground-state  arrangement, while AM1 leads to a somewhat more overlapping
charge-transfer complex. geometry. Just as in A-MDARP there exist several edge-on
As for the optimized A-DMDAP™ complex (Figure 7c,f), molecular arrangements which are nearly isoenergetic. Both
its ground-state molecular geometry closely resembles thatthe PM3 and the AML1 calculations suggest that intermolecular
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interactions involve the adenine N(1) and DMDAPN(2)/
methyl region. The adenine polarization noted in A-MDAP

is enhanced in A-DMDAFP", yielding an adenine charge
separation of ca. 0.09 electron units. Contrary to what we
intuitively expected, we found the ground-state charge-transfer
in A-DMDAP?2* to be the same as in A-MDAP

(a)

Discussion

The discussion will be divided in two parts. First we will HOMO
discuss the calculated geometries and their properties, and in
the second part, we will focus on the spectroscopic properties
of the complexes, and compare with experiments.

Complex Geometry. It has been argued that basic face-to-
face m—ax interactions, such as in the benzene dimer, are of
repulsive nature, and that in order to obtain attractive forces,
the & systems must be either laterally offset relative to each
other, or assume a T-shaped geom&try* NMR-spectroscop-
ically deduced interactions in aqueous solution between two HOMO-1 LuMo
adenine moieties tethered together by a flexible linker have been
attributed to an intramolecular face-to-face arrangement due to
anisotropic charge distribution in adeni¥eThis finding, along
with molecular dynamics studies on the benzene dither,
suggests that hydrophobic effects are not necessarily the
dominating factor determining the association of aromatic
species in agueous solution.

For the A-DAP, A-MDAP", and A-DMDAP** complexes,
both AM1 and PM3 calculations lead tocal energy minima %"
for face-to-face geometries, as could be anticipated because of
the presence of inhomogeneous charge distribution in the
molecular plane of both adenine and the three diazapyrenes.
The calculations show, however, that the face-to-face arrange-
ment itself does not necessarily imply attraction, since it is only
when the local dipoles/charges interact favorably that the total
energy of the complex is lowered compared to that of the Figure 8. Molecular orbitals as calculated by ZINDO/S. (a) A-DAP,
monomers. This is in agreement with earlier investigations in (b) A-MDAP™, and (c) A-DMDAF*. In A-DAP a minor contribution
which the presence of charge donating or withdrawing groups to the first transition is (HOMO-1)~ LUMO (not shown). These
was suggested to be important for face-to-face arrange-orbitals are also completely localized on DAP.
ments!217.18

Interestingly, in the optimal PM3 A-MDAP face-to-face ~ A-MDAP™ and A-DMDAP*" complexes, because water and
geometry, the dipole moments of adenine and MDA#Re not adenine will probably not be competing for the same association
antiparallel, but form an angle of ca. 7telative to each other, ~ SI€.
while AM1 predicts the dipoles of MDAP and adenine to Inclusion of a solvent reaction field (using a high solvent
oppose each other. dielectric constant to mimic the conditions in agueous solution)

The decrease in optimal distance with increasing charge, anddoes not substantially affect the energetic ordering of the
thus decreasingr-electron density, is in agreement with complexes, except in A-MDAR where the face-to-face com-
predictions by the previously proposedcharge model213 plex is predicted to be the only (but marginally) stable form.
Although thezr—z orbital interaction should be much stronger For the A-DAP and A-DMDAP* complexes, the SCRF
in a face-to-face geometry than in the edge-to-face geometry,energies basically just accentuate the energetic differences
the reason for the weak charge-transfer in the face-to-face Petween the face-to-face and edge-to-face forms.
systems is that the potential is mainly repulsive, thus resulting From the geometry calculations, the following points emerge.
in a large interplanar separation of thesystems. Inthe edge- (1) Even when using a polarized continuum model for estimating
to-face geometry, the smaller intrinsic interaction is compensatedthe dielectric effect of the solvent, the calculations do not predict

(b)

LUMO+1

for by the closer proximity of the aromatic systems. the correct geometries. (2) The predicted major attractive force
A common feature for the optimized geometries of A- in A-MDAP™ and A-DMDAP** is electrostatic interaction
MDAP* and A-DMDAP* is the short nitrogernitrogen between the adenine nitrogens and the pyridinium nitrogens.

distance between adenine and diazapyrenium moieties (Figure Calculated Spectra. ZINDO/S calculations for A-DAP (both

7). We are inclined to believe that we are mainly seeing non- face-to-face and hydrogen-bonded) indicate that the transitions

hydrogen-bond electrostatic interactions in the ionic systems, at longer wavelengths than 300 nm are those of DAP alone,

and possibly weak hydrogen-bonding from the methyl group with the first transition being HOMG~ LUMO+1 (Figure 8a;

in the diazapyrenium ion to a nitrogen in adenine. Table 1). The absence of any A-DAP charge-transfer in the
The PM3 and AM1 geometries of the complexes formed excited state is in agreement with the experimental finding that

between water and DAP, MDAR and DMDAF" all predict the fluorescence of DAP is not quenched by adenine. Further,

the presence of a hydrogen bond from H(1) of the diazapyrenethe electronic influence of adenine on the DAP transitions is

moiety to the oxygen of a water molecule (not shown). This predicted to be small, which agrees with the only slightly

arrangement does not necessarily affect the formation of the perturbed absorption spectrum of A-DAP.
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By contrast, the calculated absorption spectrum of A-MDAP interestingly, the recently reported red tail of weak absorption
contains charge-transfer transitions, albeit the first transition observed in complexes of DMDAP with DNA (and to less
(HOMO-1 — LUMO; Figure 8b; Table 1) is localized on  extent with the MDAP complexes) can be explained in detail
MDAP*. Although they are characterized by very low intensity in terms of emerging new charge-transfer transitions. These
due to the negligible orbital overlap between adenine and are calculated to be noticeably more pronounced in the
MDAPT, their presence indicates the feasibility of excited-state A-DMDAP2™ complex than in A-MDAP. Even the allowed
charge-transfer in A-MDAP. The strong transitions are almost z—xa* transitions in A-DMDAP* were concluded to have
exclusively localized on MDAP. For both face-to-face and considerable charge-transfer character. Neither absorption
edge-to-face A-DMDAP" complexes, the calculated absorption spectra, nor calculated electronic transitions indicate any ground-
spectra reveal that the first two transitions are pure charge- or excited-state charge-transfer for A-DAP.
transfer transitions (HOMG> LUMO; HOMO — LUMO+1) As to the geometry calculations, all theoretical methods failed
of near zero oscillator-strength (Figure 8c; Table 1). Moreover, to predict the correct face-to-face structures, except for A-
even the electric dipole allowed DMDAPL, and L transitions MDAP* (which agreement seems a mere coincidence). The
have strong charge-transfer character, and thednsition at failure to predict the correct face-to-face structures can be
ca. 335 nm is split in two, nearly parallel polarized transitions ascribed to the neglect of entropic stabilization (hydrophobic
(Table 1). The ZINDOI/S results indicate that MDARN effects) in the calculations. However, the calculations do give
DMDAP?* should differ significantly in their excited-state valuable information about the nonentropic parts of the interac-
properties, and that the experimentally observed absorptiontion between the diazapyrenes and adenine. Should entropic
broadening of A-DMDAP™ and A-MDAP" could be explained effects (hydrophobicity) alone have been responsible for the
by the presence of a series of low-energy charge-transfer statesassociation, one would have expected A-DAP to be more stable
Calculated spectra of the face-to-face complexes were found tothan A-MDAP*, which in turn should be more stable than
be remarkably similar to those calculated for complexes of edge- A-DMDAP?2*, due to the gradual loss of hydrophobic surface.
to-face geometry (Table 1). However, it seems that A-MDAPis at least as stable as

As intuitively expected, the calculated spectra of the face- A-DAP, indicating the importance of the electrostatic interaction
to-face complexes show hypochromism (Table 1). By contrast, between the pyridinium and electron-rich regions of adenine.
the diazapyrene transitions of the hydrogen-bonded and edge-By contrast, in A-DMDAP' apparently enough hydrophobicity
to-face structures are predicteddronger than those of the is lost to lower the association constant compared to A-DAP
diazapyrenes themselves, at variance with the experimental dataand A-MDAP*,

In addition, the transitions of the edge-to-face complexes exhibit
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