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Indole—benzene complexes in the neutral and cationic forms were investigated by resonance enhanced two-
photon ionization (REMPI) and mass analyzed threshold ionization (MATI) experiments and nonempirical
ab initio quantum chemical methods. The experiment yields vibrational frequencies of the ionized complex
in its ionic ground state. In addition, by observing the breakdown of the MATI signal at the cluster ion mass
for a certain internal energy and its simultaneous appearance at the fragment mass, the dissociation energy of
the ionic complex is found with high precision. Using a thermochemical cycle from this and the also measured
adiabatic ionization energies of indetbenzene and indole, the dissociation energy of the neutral complex

is found. The data were recently presented for inelblenzendis and are shown for indotebenzeneds for

the first time in this work. Stacked and-NH---r H-bonded structures of the neutral dimer were optimized
using the approximative resolution of identity MP2 (RI-MP2) method combined with extended basis. The
RI-MP2 treatment showed the preferential stability of the stacked structure while the CCSD(T) calculations
favor the N-H---;z H-bonded structure. The final stabilization enthalpy estimate (5.3 kcal/mol) agreed nicely
with the experimental value of 5.2 kcal/mol (182315 cnt?) and points clearly to a NH---z bounded
structure of the complex. In the case of a radical cation, the stacked structure was shown not to be stable and
was converted during optimization to the-M---z H-bonded structure. The final stabilization enthalpy estimate
(12.8 kcal/mol) agreed reasonably well with the experimental value of 13.1 kcal/mol 4881cm ). The
theoretical harmonic intermolecular stretch frequency obtained for the neutral and cationic complexes (78
and 105 cm?) agreed fairly well with the experimental values (70 and 959mA surprisingly large N-H-

--;r stabilization energy calculated for the benzefiedole complex supports speculation about the role of
these interactions in the biological environment. The excellent agreement of the experimental and theoretical
binding energies gives for the first time direct evidence that the theoretical treatment used can yield stabilization
energies (enthalpies) of large molecular clusters differing from the experimental values by less than 0.5 kcal/
mol.

Introduction minimum and is only slightly less stable than the global
minimum. The validity of these conclusions was confirmed by
analyzing the benzene crystal where only T-shaped and PD
motifs were found. Interaction of phenyl rings plays, however,
RNA or the tertiary structure of proteins. Two different types & much broader role and determines also the structure of selected

of this interaction exist, either interaction viaelectron clouds ~ &Mino acids. For example, the crystal structure of phenylalanine
of both subsystems or XH--z interaction. The relative IS basically determined Ey the-&H--x and -+ (in the PD
importance of both interaction types was for a long time not orientation) mte_ractloné‘? T-shaped and PD motifs were also
known, and light was shed on this crucial problem through the recently found in the X-Y (X = benzene, Y= naphthalene
experimentd® and theoreticaP-162 study of the simplest  ©OF anthracene) complexé¥. The structure-making ability of
results, the following general conclusions were formulated: (i) Weakness (_)f the interaction. Analyzmg existing experimental
a face-to-face h|gh|y Symmetrica| Configuration is not Stab|e; and theoretical data for the benzene dlmer, it can be concluded
(ii) the T-shaped structure corresponds to the global minimum; that C-H---z interactions are slightly stronger than the-z
(iii) the parallel-displaced (PD) structure corresponds to the local (in the PD orientation) ones and both are lying in the interval
2.0—2.5 kcal/mol. This is not too strong an interaction, and for

* Corresponding authors. E-mail addresses: hobza@indy.jh-inst.cas.cz;example, the average H-bond of the-M---Y type (where X
”e‘ﬁ_seecrgi‘;hcﬁémuﬂie\}ersn Adnchen and Y are electronegative elements) is about twice as strong

# Academy of Sciences of the Czech Republic and Center for Complex (the OR+-O H-bond in the water dimer is close to 5 kcal/mol).
Molecular Systems and Biomolecules. The structure-making ability of the XH---z contacts can be
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The noncovalent intermolecular interactions between systems
containing aromatic rings are of primary importance in such
important phenomena as badgase interactions in DNA and
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magnified by increasing the polarity of the-Xl bond, that is,
by passing from a rather nonpolar—& bond to much more in the mass spectrum on indelbenzene.

polar N—H and O-H bonds. To obtain reliable estimates of The problem of calculating the structure of indeleenzene
these interactions, ab initio calculations should be performed is not trivial, and two entirely different structural types should
with extended basis sets and cannot be limited to the low be taken into consideration: NH+:-z T-shaped and stacked
correlated level (e.g., MP2 one). Recently, several studies ones. The first structure is characterized by a directed H-bond
appearetf~?! where X—H---7 andz---7 stabilization energies  exhibiting typical features such as a red shift of thelstretch

of the model systems were investigated; the total stabilization frequency and the intensity increase of this vibration band. The
energy was constructed as a sum of the complete basis set limisecond structure is a typical noncovalent structure stabilized

dissociation energies. No metastable mass peaks are detected

of the MP2 stabilization energy and a correction term covering
the higher correlation energy contributions. The-WNe--
contacts were studied recently theoretically in the indole ditner
and pyrrole dime?f3 The N—H---r H-bond found in the former
complex (2.2 kcal/mol) was only slightly stronger than that in
the benzene dimer while that in the latter complex was
considerably stronger (5.1 kcal/mol). The-N---7 contacts
were found in various crystaf4;2” and their importance in the
biological environment was discussed.

The aim of the present communication is to investigate
experimentally (MATI spectroscopy) and theoretically (high-
level ab initio quantum chemical calculations) complexes

mainly by the London dispersion energy. While the theoretical
treatment of the former systems is straightforward and satisfac-
tory characteristics are mostly obtained already at the MP2
correlated level with medium basis sets, theoretical description
of the latter systems requires a much higher theoretical fével.
Here higher correlation contributions play a role and use of a
method like the CCSD(T) method is requiréd.

The main problem represents, however, determination of the
structure, and comparable results for both structural types can
only be obtained if the MP2 method is combined with at least
an extended basis set containing diffuse as well as polarization
functions. In the case of DNA base pairs, we demonstfated

between indole and benzene in neutral as well as ionic statesthat the MP2/6-31G* treatment is not adequate (mainly for
There is a good reason for the combination of experiments anddescription of stacking interactions) and we extensively used
ab initio calculations. The present experiments provide accuratethe MP2/6-31G*(0.25) calculations. The main difference in both
values for the stabilization enthalpies but do not provide methods concerns the use of diffuse d-polarization functions.
rotational resolution and thus do not yield any direct information Instead of the standardly used exponent 0.8, we used the
on the structure of the complex. On the other hand, the presentrecommended value 0.25. The method yiefssurprisingly
experiment provides us with energetic and spectroscopic good stabilization energies, but it is impractical for the geometry
information not only of the neutral but also of the ionic system. optimization. The first level yielding acceptable geometries and
Experimental methods for direct determination of the structure Stabilization energies of stacked and H-bonded structures is the
of clusters are based on rotationally resolved spectroscopy.MP2/aug-cc-pVDZ one. However, up to now it was not clearly

Microwave and infrared spectroscopy have provided valuable shown whether higher-order correlation contributions do not

information on clusters, but these techniques hitherto have beerchange the stability order between H-bonded and stacked

restricted to clusters of small molecules. High-resolution rota- Sructures. Further, the basis set used ([4s3p2d/3s2p]) contains
tionally resolved UV spectroscopy often can provide us with diffuse s-, p-, and d-functions required for proper description
the information needed for structure determination. It has been ©f dispersion energy. However, this basis set is unbalanced and,
successfully applied, for example, to the indeteater com- therefore,_ the use of (at Ieast)_ a cc_-pVTZ basis set ([4s3p2d1f/
plex28.2% However, the indolebenzene dimer investigated in  552P1d]) is recommended. It is evident that the MP2/cc-pVTZ
this work is too large for rotationally resolved spectroscopy. In ©Ptimization is not practical for extended complexes having
principle, rotational coherence spectroscopy is a useful '[echniquemore than 24 atoms (the be_nzene dimer with 24 atoms represents
for larger systems but has not yet been applied to indole the boundar)7/ be‘Weer? mepl_lum and extende_d cIl_Jsters). Re_cently,
benzené? It remains to be seen whether the accuracy of the we exploreﬁ the applicability of the afoproxmatlve resolution
rotational constants achievable with this method is sufficient ©f the identity MP2 (RI-MP2) methGé “ and have shown that

for a clear identification of the structure. For these reasons in ]Ehfe n;_ethoc_zl combtlj?ed fW'th e>t<te3ded_ bt‘.as's fsﬁti codntglmné;
the present work the experimental results for the binding ' TUNCUONS IS capable of accurate description of H-bonded an

energies and intermolecular frequencies of the indbknzene stacked DNA base interactions. The results obtdifeih the

dimer are compared with theoretical results for the structures R.I'MPZ method differ only margmally _from th(_)se _evaluated
and their respective binding energies. In this way from the with the exact MP2 method, while the time saving is as larger

measured binding energies information on the respective as 1 order of magmtudg. Let us mention at th.e end of this
structures is obtained by comparison with theoretical results. paragraph that the relative stability and relative importance of

. . H-bonded and stacked structures represent one of the funda-
Several experimental techniques have been used for theonia problems of today's science and, for example, the
measurement of cluster binding energies: Among them are mass;;,cture and function of DNA, RNA. and other nucleic acid

spectrometric techniqué&_, infrared spectroscc_)p?g?, and _IR architectures depend on the balance between planar H-bonding
spectroscopy combined with bolometric detection technigties. and stacking interaction of nucleic acid bases.

Here we use the mass analyzed threshold ionization (MATI)
method. After production of threshold ions with defined but
variable internal energy, the dissociation threshold of the cluster
ion is found by the appearance energy of the fragment daughter Experimental Method. The technique used in this work for
ions. From this value and the measured ionization energy, themeasurement of binding energies is mass analyzed threshold
dissociation threshold of the neutral cluster is deduced. For ionization (MATI).*%42 It has been described in detail in our
clusters the dissociation rate at threshold is expected to be highrecent work*3 Briefly, MATI spectroscopy is based on the
because of the small phase space of the intermolecular modesexcitation of high (¢ > 100) long-lived Rydberg states and their
Therefore, a kinetic shift of the dissociation threshold can be subsequent ionization in a delayed pulsed electric field, leading
neglected and the measured thresholds are very close to thdo threshold ions in well-defined energy states. The simulta-

Methods
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neously produced nonenergy-selected (prompt) ions are sepaauxiliary basis sets were adopted. For the geometries found,
rated from the Rydberg states in a weak electric field of 0.6 the stabilization energy was further evaluated with the same
V/cm in the present experiments. The Rydberg state series aremethod but with a larger basis set (augTZVPP), obtained by
converging to the various (vibrational) states of the cation, and addition of one set of diffuse s-, p-, d-, and f-functiéAag.he

the excited high Rydberg states are very closé( cnT?) to augTZVPP basis set was combined with the same auxiliary basis
the respective ionization energies. For an exciting laser light of set as in the case of the TZVPP basis. For the sake of estimation
approximately 0.3 cmt bandwidth and the separation field of ~of the complete basis set (CBS) limit of the RI-MP2 method,
0.6 V/cm, the threshold ion peaks resulting from the pulsed field we used energies obtained with the mentioned augTZVPP basis
ionization of the high Rydberg states indicate the energetic and with the smaller augSVP basis set. The augSVP basis set
position of the vibrational states of the cation withis cn? was constructed by adding diffuse s-, p-, and d-functibtes
precision. Similar to zero-kinetic-energy (ZEKE) spectroscopy, the SVP basis set ([3s2p1d/2s1p]), and also here the auxiliary
MATI spectroscopy provides the vibrational spectrum of the basis set optimized for the SVP basis set was adopted.
ground electronic state of molecular or cluster cations. In  The CBS limit of the RI-MP2 interaction energies was
addition, because of its mass selectivity the dissociation of estimated using simple extrapolation of interaction energy versus
cluster ions can be monitored by the MATI technique as a 1/N, whereN is the number of contracted AOs. We have shown
function of the selected internal energy of the ion. This is recently? that this procedure gives very similar results as the
possible by the simultaneous monitoring of threshold ions at more elaborated extrapolation technique suggested by Tihlar.
the cluster ion (parent) mass channel and the fragment (daughter) The zero-point vibration energy (ZPVE) was determined at
ion mass channék44 Applying a simple thermochemical cycle the MP2/6-31G* level, and all vibration frequencies were scaled
from the measured dissociation enefgyof the cluster ionand by the recommended factor (0.943).

the measured adiabatic ionization energy (AIE) of the cluster The corrections to the higher-order correlation contributions
and the aromatic molecule, the dissociation enddg\of the (the difference between MP2 and CCSD(T) stabilization ener-
neutral cluster is found. In this way we have been able to find gies) were estimated for the RI-MP2/TZVPP geometries by
accurate values for the dissociation energy of several van derPerforming the CCSD(T) single-point calculations utilizing the
Waals complexes of polyatomic molecules with noble gases and6-31G**(0.25,0.15) basis set. We have shown recéftiyat

for hydrogen-bonded aromatic molectieater clusterd546in the [MP2-CCSD(T)] correction term determined with the
this work the MATI technique was used to measure the binding 6-31G**(0.25,0.15) basis set is close to the value found by using
energy of the indole CgHs dimer in comparison with the one  larger basis sets. It is important to mention that this concerns
of indole—C4Ds and to compare these values with results from Poth planar H-bonded and stacked structures of the dimer.

ab initio calculation. This allows us to draw conclusions about  The final stabilization energy AE) was determined as
the character of the binding and the structure of the dimer. ~ follows:

Experimental Setup. The experimental setup used was _ ) ) %
described in detail elsewhetéBriefly, it consists of two dye AE = AB(RI-MP2/CBS)+ AZPVE(MP2/6-31G*)+

lasers pumped by an XeCl excimer laser yielding 10 ns light A(AEM™? — AE““*P(M)/6-31G**(0.25,0.15) (1)
pulses with a bandwidth of 0.3 cth The two counterpropa- . ) .

gating laser beams of different color intersect a skimmed Radical Cation SysterrAII the calculations for the open-
supersonic molecular beam perpendicularly 15 cm downstreamShell systems were compllcated.due to slow convergence, and
from the nozzle orifice. The light pulses overlap in space and equently the SCF and optimization procedures diverged.
time in the ion optics of a linear reflecting time-of-flight mass However, beeause the present system Is charged, the Iower-
spectrometef” The supersonic jet is obtained by expanding !evel calculations are expected to give reliable results..Spemf-
indole vapor which is produced inside a heated (3@Ppulsed |celly, already the unreetrlcted HartreEeck (UHF) calculations

(25 Hz) valve and seeded in a mixture of Ne (3 bar) and 20 W'th_ _the_6-3lG basis set give satisfactory geometry and
mbar benzene vapor into the vacuum. The excitation of indole stabilization energy. TO estimate the 'role of correlat!on energy,
clusters to high Rydberg states is achieved by a resonantlyWe performed optimizations also W'.th the unrestricted MP2
enhanced two-photon two-color process.The high Rydberg method (UMP2) using the same basis set as well as the larger
molecules are separated from the prompt ions by a weak elecmCg?gigi-@\//glza%%et.hzr::%rfgc\t/ign\g?s tggtﬁ{gwlmlgfgrg;rtzgri?gtﬁozrlm
field of 0.6 V/cm switched on about 100 ns after the occurrence contributions A(AEMP2 — AECCSD(M) term) were estimated b

of the two laser pulses in a first 30 mm wide zone of the ion . . . d
optics?849 Within several microseconds, the neutral high performing the UCCSD(T) and UMP2 single-point calculations

Rydberg molecules drift into a second 20 mm wide zone where W'tThhthef.&?l’th té)elelst_set. determined

no electric field is present at that time. A strong electric field fO||OV$S' inal stabilization energy AF) was determined as
of 500 V/cm is switched on 2@s after the two laser pulses '

end ionizes the high Rydberg melecules. The resglting thr'es.hoIdAE = AE(MP2/aug-cc-pVDZ)F

ions are accelerated toward the ion reflector by this electric field .

and reflected toward the multichannel plates. Threshold spectra AZPVE(UMP2/6-31G*)+

are recorded for ions of different mass selectively with a gated A(AEMP? — AECCSPMY6-31G (2)
integrator/microcomputer system.

Quantum Chemical Calculations. Neutral Dimer. The
geometries and interaction energies of both structures of the Mass Analyzed Threshold lonization Spectra.Using the
dimer were evaluated with the RI-MP2 method using the TZVPP MATI technique described above, threshold ion spectra of indole
basis set ([5s3p2d1f/3s2pld]). Interaction energies were sys-and indole-benzene clusters were recorded. For that, the first
tematically corrected for the basis set superposition error laser frequency was fixed to tha(8.p) — So,0% transition of
(BSSE)® All the calculations were carried out using the the respective cluster (35 067 chfor indole—benzeneis and
TURBOMOLE 5.3 program suitel and standard (default) indole—benzeneds). The second laser frequency was scanned

Results and Discussion
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Figure 1. Threshold ion spectra of indotdenzeness (top trace) and : “{“MUMWW
indole—benzenads (bottom trace) in the vicinity of the adiabatic ;
ionization energy given by the first peak in each spectrum. The peak |
series indicates a progression of an intermolecular vibration. For ,3 Fragment M
lanation, text. ™~
explanation, see tex = MWMMMM W‘W\W
over the range of the high Rydberg states of the various ‘ . . .
ionization thresholds and threshold ions measured as a function 64100 64300 64500 64700
of the second laser frequency with the technique described Two-Photon Energy [em™]
above.

In Figure 1 the result is shown for the region of the adiabatic Figure 2. Threshold ion spectra of indotébenzeness (upper two

SR . traces) and indolebenzeneds (lower two traces) measured at more
ionization energy (AIE). In the upper trace the threshold ion than 4000 cm! above the adiabatic ionization energy. In each set of

spectrum of indole benzenehs is shown; in the lower trace is  gpectra the upper traces represent the threshold ion signal measured at
the respective result for indotebenzeneds. The first peak in the parent mass and the lower traces the threshold ion signal measured
the spectrum corresponds to the AIE and is located at 59 833at the fragment mass. Note the slight blue shift of the breakdown of
+ 5 cmr! (59819 cnm?l) in indole—benzeney (indole— the parent ion signal in indotebenzeneds. For explanation of the
benzeneds). It is shifted by 2785 cmt (2799 cnT?) to the red ~ &rrows and discussion, see text.
of the bare indole. The dominating feature in the threshold ion but at roughly the same energy of the breakdown of the parent
spectrum is a 95 cmt (92 cnt?) vibration forming a long ion signal for each cluster, an onset of the fragment ion signal
progression. The slightly smaller frequency of the indole is observed. The ion signal rises or decreases within420
benzeneds complex is clearly seen for the higher (2nd and 3rd) cm™. If we take the 10% level of the parent signal as the
progression members. We obtained similar results with long dissociation thresholdf, we find a clear blue shift of the
progressions also for the indetél,O clusters with a vibrational ~ dissociation threshold in indotdbenzeneds compared to the
frequency of 189 cm! assigned as a stretching frequency of one of indole-benzeneis. From this result it is clear that, for
the intermolecular hydrogen bof#The frequency observed the two-photon energy of 64 414 cm(64 455 cml) corre-
for indole—benzenehg is about half of the frequency of the  sponding to an ion internal energy of 4581 ¢n4636 cnt?),
stretching vibration in indoteH,O. This is what we expect for  dissociation of the indolebenzeneis (ds) dimer takes place,
an intermolecular vibration with stretching character in a resulting in an indole fragment ion. Taking into account the
hydrogen bond when taking into account the higher mass of AIE of 59 833 cn1? (59 819 cn?) of indole—benzendis (ds),
the benzene moiety. A direct comparison of the experimental we find a dissociation enerdy, of the ionic dimer of 458
intermolecular frequency in the indeldenzene cation is 10 cnt! (4636 cnmtl). From a thermochemical cycle, we
performed with the theoretical results of this work. Unfortu- calculateDo = Ey — (AlEindole — AlEindole-benzen, Yielding Do
nately, long progressions of the corresponding intermolecular = 18234 15 cnt?! (1864 cnt?). The neutral indolebenzene
frequency in the neutral indotebenzene complex could not be  binding energy is larger by more than a factor of 2 than the
observed in the intermediate spectrum because of small Franck binding energies of mixed and homogeneous dimeric complexes
Condon factors. However, we found an additional peak at 69.5 of aromatic molecules such as benzenrdijfluorobenzene, and
cm~1to the blue of the §0° origin of indole-benzenehg. 6 It toluene found by various experimental meth6t=-%2 Even if
is interesting to compare this result with the calculated one takes into account that indole is larger than any of the
intermolecular vibrational frequencies presented in the next molecules mentioned above, the factor of 2 larger binding energy
section. points to a different type of binding in the indetéenzene

In Figure 2 the measured threshold ion current is shown for dimer, that is, ar-hydrogen bondin§®
higher two-photon energies. In this region the threshold ions Correlated ab Initio Calculations. Neutral SystemThe
are produced with internal energies in excess of 3000'cin optimized stacked and NH---7 H-bonded structures of the
the upper (lower) two traces, the MATI spectra of indele  dimer are shown in Figure 3, and their characteristics are
benzendss (-ds) are shown measured at the parent mass 195 u collected in Table 1. Contrary to expectation, the RI-MP2/
(201 u) and the fragment (indole) ion mass 117 u. The parent TZVPP stabilization energy of the stacked structure is larger
ion signal breaks down at 64 414 ch{64 455 cntl). No signal than that of the N-H---r H-bonded one. Including the zero-
is observed on the fragment trace for low excitation energies, point energies, the difference becomes even larger and is close
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TABLE 1. Energy Characteristics (in kcal/mol) for Various Structures of the Indole—Benzene Complex

AE
RI-MP2/ AZPVE AE(MP2-CCSD(T))

structure TZVPP MP2/6-31G 6-31G*(0.25, 0.15) AH°P AH°®

stacked -6.571 0.118 ~3.643 -2.810

N—H--7r —6.205'e 0.635 -1.333 —4.237 -5.3

a Cf. Figure 1.P Interaction enthalpyteD K obtained as the sum of th€E, AZPVE, andAE(RI-MP2-CCSD(T)) terms¢ Interaction enthalpy at
0 K obtained as the sum of the complete basis set limit of the RI-MP2 method and BME andAE(RI-MP2-CCSD(T)) terms. The experimental
interaction enthalpy amounts to 182315 cnt! (5.2 kcal/mol).? The RI-MP2 interaction energies evaluated with the augSVP and augTZVPP
basis sets for the RI-MP2/TZVPP geometry amount®526 and—6.709 kcal/mol, respectively.The complete basis set limit of the RI-MP2
method found by M extrapolation from the augSVP and augTZVPP values amounts/t@ kcal/mol.

" order correlation contributions. The CBS limit of the RI-MP2
Cag—lin, =L energy was obtained from augTZVPP and augSVP interaction
LLA energies (cf. Table 1). Addition of diffuse s-, p-, d-, and
Py f-functions for non-hydrogen atoms and s-, p-, and d-functions
' for hydrogens to the TZVPP basis leads to a non-negligible
stabilization energy increase (by 0.5 kcal/mol). It is to be
mention that much more economical and faster augSVP
calculations yield a very reasonable stabilization energy (5.526
kcal/mol). The CBS limit of the RI-MP2 stabilization energy
(7.2 kcal/mol) is considerably larger than the TZVPP value and
still larger than the augTZVPP value, which gives evidence
about the necessity to consider the extrapolation to the CBS
limit. On the other hand, the [MP2-CCSD(T)] correction term
converges much faster to the CBS limit, and the present value
obtained with the 6-31G**(0.25,0.15) basis set was sHum
be sufficiently close to the converged value. Summing the CBS
limit of the RI-MP2 stabilization energy, th&ZPVE, and the
A(AEMPZ — AECCSD(M) correction term, we obtain the true
stabilization enthalpy of 5.3 kcal/mol. This value nicely agrees
with the experimental estimate of 5.2 kcal/mol (1823 ¢n
The vibration analysis of the NH---xr structure, performed
at the MP2/6-31G* level, has shown that the structure does not
correspond to the minimum because one vibration frequency

to 1 kcal/mol. The basis set used is large, and it is thus clear With an imaginary value<12 cnt*) was found. Analyzing the
that the MP2 calculations will definitively prefer the stacked respective mode, it appears that it corresponds to the rotation
structure over the NH-++;z H-bonded one. The MP2 treatment  Of the benzene around the intermolecular axisHN--center

is, however, not sufficient and a higher-order correlation energy ©f mass of benzene. The five remaining intermolecular frequen-
contribution should be considered. The CCSD(T) calculations Cies were localized at 8, 32, 71, 77, and 83 ¢mespectively,
performed with the 6-31G**(0.25,0.15) basis set changed the and the intermolecular stretch corresponds to the last one. After
stability order dramatically. The [MP2-CCSD(T)] stabilization ~Scaling by 0.9437 we obtained 78 cmt, and this value is in
energy difference is for a stacked structure much larger (by more 9ood agreement with the experimental result of 69.5'clso,

than 2 kcal/mol) than that for the-NH-+-x structure and leads ~ the additional peak detected experimentally at 34.5'aagrees

to preferential stabilization of the H-bonded structure. The Well with one of theoretical vibrations. Formation of the-N-

Figure 3. Optimized N-H---7 H-bonded and stacked structures of
indole--benzene.

stabilization enthalpy of the NH--+ structure is now about 7 Structure is accompanying by the small red shift of thetN
1.4 kcal/mol |arger and supports the existence of arH\ - stretch frequency. At the MP2/6-31G* level itis 7 cinFurther,
H-bonded structure. the calculated intensity of the respective band increased from

The indole N-H bond in the H-bonded structure is directed 83 to 335 km/mol. Both these results support the classification
to the center of the benzene molecule (cf. Figure 3), and the Of the N—H---7 contact in the indole-benzene complex as a
distances of H and N (from the AH bond of indole) to the ~ Weak H-bond. It is surprising, however, that such a strong

benzene center of mass are 2.153 and 3.160 A, respectivelycomplex (more than 5 kcal/mol) is characterized by such a small
The N-H---7 structure is characterized by elongation of the red shift. We are aware that a correlation between the red shift

N—H bond upon formation of the H-bond. This value depends and the strength of the intermolecular interactions does not exist,

on the theoretical level used, and the following results were but for complexes stronger than, for example, water dimer we

found at the MP2/6-31G*, MP2/6-31G**, RI-MP2/augSVP, and €xpected a larger red shift.

RI-MP2/TZVPP levels: 0.0008, 0.0011, 0.0002, and 0.0030 A.  The surprisingly large stabilization of the-NH--s structure

The largest elongation thus resulted from the most reliable RI- of the indole:-benzene complex supports an idea about the

MP2/TZVPP calculations. For the sake of comparison, we Structure-making ability of the aromatic-NH--+s interactions.

present the elongation of the—<® bond in the water upon  These interactions can exist in the nucleic acid complexes and

dimerization, calculated at the same theoretical level: 0.0070 also in amino acid complexes. The aromatie N bond exists

A. in tryptophane and histidine and the aromatic ring in phenyla-
To obtain the absolute value of the stabilization energy for lanine and thyrosine, and structures of all these complexes might

the N—H---z H-bonded structure, it is necessary to consider be due to these interactions.

the CBS limits of the RI-MP2 energy and correction to higher-  Radical Cation SystentJHF/6-31G* gradient optimization
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TABLE 2. Energy Characteristics (in kcal/mol) for the N—H---7 H-bonded Structure of the Indole—Benzene Radical Cation

AE(MP2y? AE(MP2y AZPVE (MP2) AE(MP2-CCSD(T)j AH° ¢
-9.917 -12.322 —0.599 0.142 -12.779

a6-31G**. b aug-cc-pVDZ single point calculations performed for the MP2/6-31G** geomé®y81G single point calculations performed for
the MP2/6-31G** geometry? Interaction enthalpytad K obtained as the sum of th®E(MP2/aug-cc-pVDZ) AZPVE, andAE(MP2-CCSD(T))
terms. The experimental interaction enthalpy amounts to 458D cn1?® (13.1 kcal/mol).

complex as the H-bonded one. The intermolecular stretch
frequency was found at 105 crh(after scaling), and this value
agrees again fairly well with the experimental value of 95 &m

Conclusions

1. Mass selected threshold ionization (MATI) experiments
yield accurate values for the binding energy of neutral and
ionized indole-benzendis (ds) complexes but do not yield
direct information on the structure of a complex. Structural
information is obtained by performing the high-level correlated
ab initio calculations.

2. Two energy minima were found at the potential energy
surface of the indolebenzene complex. The MP2 calculations
favor the stacked structure over the-N---7 H-bonded one.
Passing, however, to the CCSD(T) level, the H-bonded structure
becomes the global minimum.

3. The true stabilization enthalpy of the-Mi---7 H-bonded
structure constructed as the CBS limit of the RI-MP2 stabiliza-
dJion energy AZPVE, and theA(AEMP2 — AECCSP() correction
term (5.3 kcal/mol) nicely agrees with the experimental value

of the stabilization energy. Th&ZPVE evaluated at the MP2/ of 5.2 kcal/mol, which further supports the existence of this
6-31G* level is very similar to that of the neutral system but is structural type. . )
negative. TheA(AEMP2 — AECCSDT) correction term is small 4. In the case of the radical cation system, the stacked

and positive, which means that the CCSD(T) stabilization energy St'ucture was not found and the global minimum corresponds
is larger than the MP2 one. Putting all three contributions again to the N-H---;r H-bonded structure. The true stabilization

together, we obtain a true stabilization enthalpy of 12.8 kcal/ €Nthalpy (12.8 kcal/mol) constructed similarly as in the case of
mol, which is more than twice as large as that of the neutral the neutral system is considerably larger than that of the neutral

system. Extension of the AO basis set yields enlargement of SYStem and agrees well with the experimental estimate (13.1
the stabilization enthalpy, and the present value thus represent§cal/m°|’ 4581 cm). . .
the lower limit. We are aware of the fact that in the case of a 2 Intermolecular stretch frequencies of the neutral and cation
radical cation the theoretical level is not as high as in the case SYStems calculated in both cases for theHN--z H-bonded

of a neutral system. However, agreement with the experimental Structures agree well with the experimental results.

value (13.1 kcal/mol, 4581 cm) is reasonable. Passing from 6. Detailed experimental and theoretical investigation of the
indole—benzenehg radical cation to indolebenzeneds radical energetics of the NH--w bonding for indole--benzene

cation gives a decrease in th@PVE(MP2) term from—0.599 provides basic information for the intermolecular binding in
to —0.683. The resulting\H term is thus changed from12.8 ~ Piological systems, as the aromatie-N--- motif is expected
kcal/mol (indole-benzenehs radical cation) to-12.9 kcal/mol to play an important role in stabilizing structures of nucleic acids

(indole—benzeneds radical cation). This trend is well repro- @S Well as amino acids.
duced by experimental measurements where substitution of
hydrogen by deuterium brings a dissociation energy increase
of 55 cnt? (0.16 kcal/mol).

The N—H bond of the indole radical cation is directed to the
center of mass of benzene (similarly as in the case of a neutral
system), and both subsystems in the radical cation are slightly
closer. The distances of N and H atoms from theHNbond of
an indole radical cation from the benzene center of mass are
3.035 and 2.031 A, respectively. Both distances are about 0.1 (1) Janda, K. C.; Hemminger, J. C.; Winn, J. S.; Novick, S. E.; Harris,
A shorter than these distances in the neutral system. Similarly S- J:; Klemperer, WJ. Chem. Phys1975 63, 1419.

. . (2) Bornsen, K. O.; Selzle, H. L.; Schlag, E. 0. Chem. Phys1986
as in the neutral system, the-¥ bond of the indole subsystem g5 1726.
is elongated upon complex formation and the MP2/6-31G* value (3) Kiermeier, A.; Ernstberger, B.; Neusser, H. J.; Schlag, E.JW.
is 0.0034 A, which is much more than that in the neutral system Phys. Chem1988§ 92, 3785.

Figure 4. Optimized N-H-:-7 H-bonded structure of the indole
benzene radical cation.

was started for stacked and—¥i---;r structures, but both
structures converged to the-N¥---x H-bonded one which is
visualized in Figure 4. The UMP2/6-31G* gradient optimization
was thus performed only for this structure, and the energy
characteristics are summarized in Table 2. Extension of the basi
set from 6-31G* to aug-cc-pVDZ brings a significant increase
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