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Abstract: The complex nature of the effect of H-bonding solvents on electronic and magnetic properties
of diazines in dilute solution is analyzed by comparing results obtained with continuum, discrete, and mixed
continuum—discrete solvation methods. For comparison, other, nonprotic solvents are also considered.
The interpretation of the results shows that strong H-bonding effects, such as those exerted by water
molecules on diazines nitrogens, are accompanied by comparable (or at least not negligible) long-range
polar interactions. It is also shown that a continuum model not only well describes such “bulk effects” but
becomes essential to get the correct description of the interactions due to explicit H-bonded molecules.
This double action (direct, as an additional long-range field, and indirect, through the H-bonded molecules)
significantly modifies the solute electronic and nuclear charge distribution and the related response
properties. This picture is confirmed by an NBO analysis on single diazines and the corresponding H-bonded
clusters with and without an external continuum solvent.

1. Introduction hydrogen bonding between diazine nitrogen atoms and solvent
. . ) (especially water) hydrogens.

It is well-known that solute-solvent interactions have a In parallel, important solvent effects have been observed on
significant effect on the behavior of molecular systems including e nuclear shielding of diazine nitrogens, for which an increase
nitrogen atoms. The largest sensitivity to solvent occurs when ¢ up to 40-50 ppm has been measufdde note that this is
the nitrogen lone pair is involved in 3fype hybridization and e of the largest solvent-induced shifts so far observed in
is available for hydrogen bonding with protic solvents. Follow- nitrogen NMR and that, as shown for-a s transition, also
ing such evidence, in this paper we shall present a study on thepgre 3 |arge contribution has to be imputed to hydrogen-bonding
environment effects on a specific class of molecular systems effects).
containing sp-type nitrogens: three diazines, also known as  gojvent effects on nuclear magnetic shielding parameters
pyridazine (1,2-diazine), pyrimidine (1,3-diazine), and pyrazine gerived from NMR spectroscopy have been the subject of very
(1,4-diazine). The attention will be focused on two particular important theoretical papers; here, in particular, we quote the
phenomena which have been shown to be very sensitive to thegntribution given by Buckingharin his works, he suggested
presence of the solvent and to the way this interacts with the 5 possible classification in terms of various additive corrections
molecula_lr system: electronic absorption spectra and nitrogenig the shielding arising from the bulk magnetic susceptibility
NMR shieldings. of the solvent, the magnetic anisotropy of the solvent molecules,

The blue shift of the lowest i~ z* electronic transition of van der Waals forces, and the “polar” effect. In the original
diazines in solvents of various nature (in terms of polarity and scheme, H-bonding specific interactions were mentioned only
proticity) has been of great interest for a long time, from both as a possible extreme form of the “polar” effect, but in the
experimentdt? and theoretical points of view.” In particular, numerous applications which followed, they have always been
specific attention has been focused on the effects of possibletreated as a separate contribution. Beside this long tradition of
theoretical investigation on the nature of solvent effects on NMR

* E-mail: bene@dcci.unipi.it. parameters, the literature on computational studies is by far more
(1) Baba, H.; Goodman, L.; Valenti, P. C. Am. Chem. S0d 966 88, 5410. i ; initi _
2) (@) Brealey. G, J.- Kasha, M. Am. Chem. S04955 77, 4462, (b Krishna, rfecent, especially if we focus on accurate ab initio calcula

V. G.; Goodman, LJ. Am. Chem. Sod 961, 83, 2042. tions10-12

(3) (a) Zeng, J.; Hush, N. S.; Reimers, J.RChem. Phys1993 99, 1482;

1495; 1508. (b) Zeng, J.. Hush, N. .. Reimers, JI.Fhys. Cherm996 The availability of experimental data on different properties

100, 9561. and the high sensitivity to solvent effects, and in particular to
(4) de Almeida, K. J.; Coutinho, K.; de Almeida, W. B.; Rocha, W. R.; Canuto,

S. Phys. Chem. Chem. PhyZ001, 3, 1583. (8) Witanowski, M.; Stefaniak, L.; Webb, G. A. lAnnual Reports on NMR
(5) Karelson, M. M.; Zerner, M. CJ. Phys. Chem1992 96, 6949. SpectroscopyWebb, G. A., Ed.; Academic Press: London, 1993; Vol.
(6) Gao, J.; Byun, KTheor. Chem. Accl997, 96, 151. 25.
(7) Serrano-Andrg L.; Flscher, M. P.; Karlstim, G.Int. J. Quantum. Chem. (9) (a) Buckingham, A. DCan. J. Chem196Q 38, 300. (b) Buckingham, A.

1997, 65, 168. D.; Schaefer, T.; Schneider, W. G. Chem. Phys196Q 32, 1227.
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H-bonding, make diazines a challenging test for models aiming the parts of the cluster are treated at the same quantum
at describing solutesolvent interactions. The knowledge of mechanical level. In addition to these two main methods, a third,
solvent-induced changes on both electronic transitions andhybrid approach is introduced: H-bonded sotuselvent
nuclear shieldings of the same molecular system, in fact, clusters recomputed in the presence of an external continuum
represents a rather unique opportunity to better understand thedielectric (still in the framework of the IEF model).
real nature of solutesolvent interactions, including H-bonding. This study can be considered as a continuation and a further
The number of theoretical methods developed so far to study development of research started with a recent paper on the
solvation effects is large; however, it is useful to identify two effects of another protic solvent, chloroform, on nitrogen nuclear
distinct categories: continuum solvation models, where the shielding of acetonitrile and pyridiré. With respect to the
solvent is considered as a macroscopic continuum dielectric sScheme of analysis used in this reference study, important
characterized by its refractive index and permittivity, and differences will be found in the present one focused on water.
discrete solvation models, where the solvent maintains its As a matter of fact, CHGlis a protic solvent like water, but its
microscopic nature. In turn, each category collects very different H-donor strength is by far weaker, and thus the contribution of
methodologies, and sometimes the boundary between one andi-bonding to the interactions with solute cannot be well
the other becomes very unclear. In any case, this two-categoryrepresented in terms of a single (or few) rigid structure obtained
scheme is widely used, and, in particular, it becomes very as the minimum of the potential energy surface of the corre-
effective when the main interest is on the analysis of the sponding solutesolvent cluster. On the contrary, the real
combined action induced by the solvent through nonspecific situation is dynamic, and a variety of different and representative
and long-range “polar” (or polarization) effects, on one hand, structures can and do occur. In the referenced paper, this
and specific and short-range interactions, on the other hand. Ssituation was achieved by considering structures derived from
In this study, approaches belonging to both categories will molecular dynamics (MD) shots taken at different simulation
be used and compared in order to reach a more COmmetetimes. In contrast, previous studies performed by other groups
understanding of the nature of the interactions acting in dilute (Poth experimentally and theoretically) on wateliazine system
solutions of the three diazines and, in particular, to rationalize have shown that this time H-bonding interactions are strong
the effects of H-bonding between a protic solvent (here water) enough to give stable clusters which can be thus described as

and the proton-acceptor diazines (in whicl-gfpe nitrogen
atoms constitute very effective acceptor centers).

The continuum solvation model we shall adopt here is the
so-called integral equation formalism (IEF)the most recent

development of the largely diffused PCM methddhis is an

accurate continuum solvation model which uses a molecular-

really existing systems.

The study will be organized as follows: in the first part we
shall describe r~ z* absorption spectra of the three diazines
and the way they are modified by solvent; besides water, another
polar but not protic solvent (acetonitrile) will also be reported,
although the analysis in terms of soluteolvent clusters will

shaped cavity to define the boundary between solute and be limited to water. The second part of the paper will present

continuum dielectric, and apparent surface charges (ASCs) to
describe the electrostatic solvent effects. An important feature
of this model is that solvent apparent charges depend on the
solute charge distribution (here represented in terms of its wave
function without additional simplifications) and, at the same

and discuss the results obtained for nitrogen nuclear shielding.
Also for this property, results for three other solvents besides
water will be presented, namely cyclohexane, acetone, and
dimethyl sulfoxide; still, the cluster study will be limited to water

solution. For both properties, an orbital-based study exploiting

time, they modify it through a perturbation operator to be added a natural bond orbital (NBO) analysis will be used to rationalize

to the solute Hamiltonian: in this way, it is possible to take

the computed results.

into account mutual polarization effects between solute and 2. Computational Details

solvent.

Geometry optimizations for all the systems (single diazines and

The discrete model adopted here is represented by smallyy_ponded clusters) both in vacuo and in the various solvents were
clusters (the solute plus one or two H-bonded water molecules) performed on the basis of the density functional theory (DFT) using
obtained through ab initio geometry optimizations in which all the hybrid functional which mixes the Lee, Yang, and Parr functional

(10) (a) Chesnut, D. B.; Rusiloski, B. . Mol. Struct..: THEOCHEML994

314 19;114 1604. (b) Mikkelsen, K. V.; Jgrgensen, P.; Ruud, K.; Helgaker,

T.J. Chem. Physl997 106, 1170. (c) Pecul, M.; Sadlej, €hem. Phys.
1998 234, 111. (d) Zhan, C. G.; Chipman, D. M. Chem. Phys1999
110 1611. (e) Yamazaki, T.; Sato, H.; Hirata, Ehem. Phys. LetR00Q
325 668.

(11) Witanowski, M.; Biedrzycka, Z.; Sicinska, W.; Grabowski, Z.; Webb, G.

A. J. Magn. Resan1997 124, 127. Witanowski, M.; Sicinska, W.;
Biedrzycka, Z.; Webb, G. AJ. Mol. Struct 1999 476, 133. Witanowski,
M.; Biedrzycka, Z.; Sicinska, W.; Grabowski, 4. Magn. Reson1998
131, 54. Witanowski, M.; Sicinska, W.; Biedrzycka, Z.; Webb, G.Magn.

Reson. ChenR00Q 38, 177. Jaszunski, M.; Mikkelsen, K. V.; Rizzo A.;

Witanowski, M. J. Phys. Chem. 2000 104, 1466. Witanowski, M.;
Biedrzycka, Z.; Sicinska, W.; Webb, G. A. Mol. Struct.200Q 516, 107.
Witanowski, M.; Biedrzycka, Z.; Grabowski, Klagn. Reson. Cher200Q
38, 580.

(12) (a) Cammi, RJ. Chem. Physl998 109, 3185. (b) Cammi, R.; Mennucci,

B.; Tomasi, JJ. Chem. Phys1999 110 7627.

(13) (a) Cancs, E.; Mennucci, BJ. Math. Chem1998 23, 309. (b) Cantg
E.; Mennucci, B.; Tomasi, J. Chem. Physl997 107, 3031. (c) Mennucci,
B.; Cancs, E.; Tomasi, JJ. Phys. Chem. B997 101, 10506.

(14) (a) Miertus, S.; Scrocco, E.; TomasiJJChem. Physl1981 55, 117. (b)
Cammi, R.; Tomasi, JJ. Comput. Cheml995 16, 1449.

for the correlation part and Becke’s three-parameter functional for the
exchange (B3LYP). The basis set used was the-663H,p). We note
that density functional methods have recently proved quite useful to
study hydrogen-bonded complexes. The B3LYP functional in particular
has proven effective, at least as long as basis sets no less thar3-31
(d,p) are used and electrostatic interactions play a dominant role; in
fact, there is reason to believe that density functional theory is generally
not appropriate for generalized van der Waals complexes in which
dispersion interactions are predomin&ht.

To evaluate absorption transition energies, the time-dependent density
functional theory (TDDFT) was used with the same basis set exploited

(15) Mennucci, B.; Mafnez, J. M.; Tomasi, 1. Phys. Chem. 2001 105
7287

(16) (a) Wesolowski, T. A.; Parisel, O.; Ellinger, Y.; WeberJJPhys. Chem.
A 1997 101, 7818. (b) Meijer, E. J.; Sprik, Ml. Chem. Physl1996 105
8684. (c) Hobza, P.; Sponer, J.; ReschelJTComput. Chenil995 16,
1315. (d) Kristyan, S.; Pulay, ;Chem. Phys. Lettl994 229 175. (e)
Rablen, P. R.; Lockmann, J. W.; Jorgensen, WJ.LPhys. Chem. A998
102 3782.
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to get geometries. Calculations of nuclear shieldings were performed Table 1. Experimental and Computed TDDFT (B3LYP/
at the B3LYP level, exploiting the gauge-including atomic orbital 6\-/3;\1(3+Q(d£)) tAb.stQ{p“f’AQ:ﬁ”erg'gs. (?/\V/) tOf Dgagnss in Vacuo
(GIAO) method!” For all systems, the same geometries used to get ( ). in Acetonitrile ( ). and in Water (H,0)

absorption were adopted, as well as the same hybrid functional B3LYP, pyridazine pyrimidine pyrazine
whereas the basis set was enlarged to 6+33(d,p). All ab initio VAC ACN H,0 VAC ACN H0 VAC ACN H,0
calculations both in vacuo and |n_solut|on were performed using a n— 7" 358 386 387 420 442 443 397 400 401
development version of the Gaussian céte. exp 3G 385 416 49 432 457 39 394 411
Solvation. In the IEF-PCM solvation mode¥ the solvent is Ok 0 028 029 0 013 0.14 0 0.03 0.04
mimicked by a dielectric continuum with dielectric constant Oxp? 0 025 056 0 012 037 0 0.04 o021

surrounding a cavity with shape and dimension adjusted on the basis ‘
of the real geometric structure of the solute molecule. The latter ~ @For all solutions the IEF model has been useReference 1¢In
polarizes the solvent, which, as a response, induces an electric field'Se°ctane-

(the “reaction field”) which interacts with the solute. In the IEF model, (and 1.806) for acetonitrile, 46.70 for dimethyl sulfoxide (DMSO),
the electrostatic part of such an interaction is represented in terms of 20.70 for acetone, and 2.023 for cyclohexane.

an apparent charge density spread on the cavity surface, which gives . .

rise to a specific operator to be added to the Hamiltonian of the isolated 3. Electronic Absorption

system to obtain the final effective Hamiltonian and the related The experimental n— z* electronic transition of dilute
Schralinger equation. Solvent terms depend on the solute wave function dijazines in different solvents has long been of inteté3aba
they contribute to modify, and thus the problem requires the solution 504 co-workers measured the n— x* fluorescence and

of a proper SCF scheme. . . . excitation spectra as well absorption spectra for the three
This is the general approach in which solute electronic and nuclear . _. . -
2 o - . diazines in isooctane, ether, acetonitrile, methanol, and water.
charge distribution and solvent reaction field can mutually equilibrate; F th s it d that. f i I A
however, in vertical electronic transitions, the relaxation of the reaction ' '0M NES€ Measurements It appeare at, for protic 59 veq S,
field in the direction of the new solute electronic state may be Nydrogen bonds between solute and solvent molecules give rise

incomplete. If we take into account the typical time scales characterizing t0 @ large blue shift in the absorption transition, but they have
electronic and nuclear (or molecular) motions, we can safely assume practically no effect upon the - 7* fluorescence transition.
that only the part of the solvent reaction which is induced by the The authors thus concluded that the hydrogen bond is broken
polarization of its electrons can immediately modify according to the in the (nz*) singlet excited state.

new electronic state reached by the solute in the transition process; all  From the same study comes an important and still open
the rest remains frozen in the previous equilibrium condition determined aspect, namely the relevant question about what fraction of the
by the initial state. To a reasonable approximation, the fast component yo o ved solvent shifts can be attributed to specific H-bond
can be taken as proportional to the dielectric constant at infinite interactions and what fraction can be attributed to nonspecific

frequencye.., wheree., &~ n? andn is the refractive index of the solvent. . .
In the framework of IEF-PCM, this scheme is realized by introducing solvation effects. The differences observed by Baba et al. for

two sets of apparent charges representing the electronic (or fast) andn® three diazines in various solvents suggest that, in protic
the slow contributions of the solvent reaction, respectively. solvents (like water and methanol), a minor, but still significant
IEF—PCM has been recently generalized to both TDDFT calculations Part (from one-fifth for pyrazine to one-half for pyridazine) of
and the GIAO method so as to include solvent perturbation operators the observed absorption solvent shifts is due to nonspecific
in the two coupled perturbed schemes; for more details on the solvation, while the rest is due to hydrogen bonding.
formalisms, see refs 20 and 12. To try to confirm or discard this finding, in Table 1 we report
In the IEF-PCM model, the molecular cavity is obtained in terms  the results of our calculations (TDDFT B3LYP/6-8G(d,p))
of interlocking spheres centered on selected nuclei. The chosen radiigp the absorption energies for the three diazines in vacuo and
are 1.9 A for the aromatic carbons bonded to a hydrogen atom, 1.6 Ay e 1o polar solvents. The geometries have been reoptimized
forall N, 1.52 A for O, and 1.2 A for H of H-bonded wat&rAll the in each phase

radii have been multiplied by a factor (equal to 1.2 if not otherwise A tto b liminaril idered i der t f
specified) in order to take into account the fact that atomic bonds or n aspect to be preliminanly considered in order to perform

lone pair centers of the solvent molecules are normally located a bit @ MOre correct analysis of solvent effects is the check on the
farther from the solute atoms than a van der Waals r&digsr all quality of the quantum mechanical level of calculation in relation
solvents, it is necessary to define the macroscopic permittivity (two t0 the phenomenon under scrutiny. This check can be more
values,e ande.,, are required in absorption calculations); the values easily achieved by considering isolated systems (for which no
used in the following calculations are 78.39 (and 1.776) for water, 36.64 approximations due to the solvent model are introduced): the
— results reported in Table 1 for gas-phase diazines show that,
@n éﬁyg_igﬁ‘gﬁg??é) o yelats 3 ?_7,':_(;b,%5§§’h35'ﬂf¢'\ﬂg'm for all three molecules, the agreement between computed and

a8 IS:qc.1hQ9’3 lJlZT825k1. 6. W.: Schieael H. B S G E- Robb. M experimental absorption energies is very good. We recall that
risch, M. J.; Trucks, G. ., ©Chlegel, R. b.; Scuseria, G. E.; RODD, M. : H H
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, the gas-phase experimental absorption energies (and the fol-

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,  |owing shifts in the two solvents) reported in Table 1 are actually
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, L . .
R.; Mennucci, B.; Pomelli, C.. Adamo, C.: Clifford, C. S.; Ochterski, ., measured in isooctane: the very low polarity of this solvent

Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; (¢ = 1.933), however, ensures the validity of this approximation.
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, . . .

J. V. Stefanov, B. B.: Liu, G.: Liashenko, C. A.: Piskorz, P.; Komaromi,  1hiS good accord obtained for the isolated systems make us
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; i i i

Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. sufﬂmently confident in the, acculracy Of. Fhe TDDFT (BSLY.P/
M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, 6-314+G(d,p)) level to describe this specific electronic transition

M., Replogle, E. S.; Pople, J. AGaussian 99 Development Version;  gnd thus to ensure a reliable analysis of solvent effects on the
Gaussian Inc.: Pittsburgh, PA, 1999. .
(19) Cammi, R.; Mennucci, B.; Tomasi, J. Chem. Phys1998 109, 2798. same transition.

g% cammi, R yﬁ;‘snugﬁgrﬁfggzrggsﬂiphys- Chem. 200Q 104 5631. If we now compare the results obtained in the two polar

(22) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027. solvents, it is evident that for acetonitrile, where no hydrogens
1508 J. AM. CHEM. SOC. ® VOL. 124, NO. 7, 2002
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Table 2. TDDFT (B3LYP/6-31+G(d,p)) Absorption Energies (eV) of Water—Diazine Clusters in Vacuo (VAC) and in the Presence of an
External Continuum Dielectric (IEF)2

pyridazine pyrimidine pyrazine
VAC IEF VAC IEF VAC IEF
+1w +2w +1w +2w +lw +2w +1w +2w +1w +2w +1lw +2w
n—ma* 3.74 3.85 4.00 4.13 4.40 4.53 4.50 4.61 4.02 4.08 4.06 4.13
geom 3.98 4.08 4.53 4.63 4.08 4.15
Onk 0.16 0.27 0.42 0.55 0.11 0.24 0.21 0.32 0.05 0.11 0.09 0.16
OxP 0.56 0.37 0.21

nmw

aThe row indicated as “geoshrefers to IEF calculations performed on the gas-phase geometries. Experimental shifts are from ref 1.

are available to interact with diazine nitrogens, the IEF Table 3. NBO Analysis on Pyridazine and Water—Pyridazine
Clusters in Vacuo (VAC) and in the Presence of an External

continuum model gives very good gas-to-solution shifts for all continuum (IEF): Nitrogen Lone Pair Natural Population (NP(Ip))
molecules. In contrast, for water the agreement with experi- and Energy (E(Ip) in kcal/mol), OH Bond Natural Population

mental data significantly worsens: the computed shift repro- (NP(bd(OH)), and Lone Pair/OH Antibonding Stabilization Energy
duces only a part (going from one-fifth for pyrazine to one- (AE(PPdoy) in kealmol)

half for pyridazine) of the whole observed effect. The missing VAC IEF

term (almost constant in all molecules and around 0.2 eV) is m +lw +2w m +1w +2W

clearly due to H-bonding which, according to the analysis given Np(ip) 1.939 1.921 1922 1943 1912 1.912

by Baba et al., induces an additional blue shift due to the energy E(Ip) -038 -040 -042 -039 -041 -041
NP(bd(OH)) 1.998  1.998 1.998  1.998

of the hydrogen bond formation in the ground state.

The good results obtained in acetonitrile also confirm that,
for this particular electronic transition, effects due to sotute
solvent nonelectrostatic interactions (generally indicated as vansmall (almost negligible); this confirms that almost all the effect
der Waals) are not important, and thus the electrostatic due to including an external continuum is related to a polariza-
continuum model correctly reproduces the experimental data: tion of the solute charge density.
different considerations will apply in the following analysis on As further analysis on the real nature of the specific and
N nuclear shieldings. nonspecific effects acting between diazines and water solvent,

3.1. Water—Diazine Clusters. To test the validity of the we introduce a NBO study on the ground states of the
analysis we have derived from Table 1 on the relative contribu- clusters: for this analysis we have preferred to reduce the
tions of H-bonding and “polar” effects, we have optimized two numbers to those of a single system (pyridazine or 1,2-diazine,
H-bonded clusters containing one and two water molecules, which shows the largest solvent shift) so as to have a reasonably
respectively, without and with an external continuum dielectric. limited number of data to interpret; in any case, we recall that
On such optimized geometries, we have computed TDDFT all the conclusions we shall obtain for pyridazine similarly apply
transition energies at the same level (B3LYP/6-&l(d,p)) used to the two other diazines.
before for the single diazines. The computed results are reported In Table 3 we report a selection of NBO ground-state results
in Table 2. for the four pyridazine clusters and for the corresponding

From the results obtained for both isolated and “solvated” monomers. The last row in Table 3 summarizes the second-
(in the sense of adding a IEF continuum) clusters, it seems order perturbative estimates of “doraacceptor” (bone
evident that the most realistic picture, i.e., that giving results antibond) interactions in the NBO basis applied to the couple
closer to experiments, is that with two simultaneous H-bonds (lone pair/OH antibond). Since these interactions lead to loss
(one on each nitrogen): this confirms previous theoretiaati of occupancy from the localized NBOs of the idealized Lewis
experimental dat& Here, however, a further aspect comes out structure into the empty non-Lewis orbitals (and, thus, to
clearly: even by taking into account the two H-bonds, an departures from the idealized Lewis structure description), they
important portion of the observed shift is still missing. For all are referred to as “delocalization” corrections. For the donor
molecules, in fact, the isolated “diazine 2 waters” clusters NBO (i) and the acceptor NBQj)( the stabilization energy
seem not able to describe the complete effect due to the wholeAE(i,j) associated with delocalization (“2e stabilization®)- j
liquid. Adding an external continuum, i.e., including also long- is estimated as
range nonspecific polarization effects, fills the missing gap and
leads to a very good agreement with experiments. AE(i j) = g(F(i.))/(¢; — €)

For a more complete interpretation of the effect, in Table 2
we also report IEF continuum calculations on the structures
optimized in vacuo (see row indicated as “getym these \
calculations should allow us to extract the solvent-indirect effect FOCk matrix element. .
due to geometry relaxation. By comparing these results with AS €xpected on passing from the isolated molecule (m) to
the previous ones obtained with reoptimized structures, we canth® H-bonded clusterstiw), the character of the lone pair
see that for all systems geometry relaxation effects are very 24

AE(Ip/bdg,) 9.59 9.35 14.74  14.20

whereq is the donor orbital occupancy; ande; are diagonal
elements (orbital energies), afd ) is the off-diagonal NBO

) Witanowski, M.; Sicinska, W.; Biernat, S.; Webb, G. A.Magn. Reson.
1991 91, 289.
(23) (a) Carrabba, M. M.; Kenny, J. E.; Moomaw, W. R.; Cordes, J.; Denton, (25) Pople, J. ADiscuss. Faraday Sod.962 34, 7.
M. J. Phys. Chem1985 89, 674. (b) Spencer, N. N.; Holmboe, E. S; (26) Karplus, M.; Pople, J. AJ. Chem. Phys1963 38, 2803.
Kirshenbaum, M. R.; Barton, S. W.; Smith, K. A.; Wolbach, W. S.; Powell, (27) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; Weinhold, F. NBO version
J. F.; Chorazy, CCan. J. Chem1982 60, 1184. 3.1
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Table 4. Experimental and Computed (B3LYP/GIAO/6-311+G(d,p)) Isotropic N Nuclear Shielding (in ppm) and Cyclohexane-to-Solution
Shifts (docyc) of Diazines in Vacuo and in Various Solvents?

pyridazine pyrimidine pyrazine
exp calc exp calc exp calc
Ao 00 o 00y Ao 00y o 00y Ao 00y o 00y

vac —216.94 —76.88 —118.84

cyc —35.31 0 —204.97 0 +80.30 0 —72.70 0 +42.17 0 —114.42 0
acetone —25.85 9.46 —187.70 17.27 +83.41 3.11 —66.86 5.84 +44.88 271 —109.56 4.86
DMSO —20.93 14.38 —186.14 24.34 +83.90 3.60 —66.26 4.89 +45.34 3.17 —108.99 5.43
water +6.24 41.55 —185.54 19.43 +97.14 16.84 —66.35 6.35 +59.02 16.85 —108.84 5.58

a Experimental shieldings from ref 24 are reported with respect to neat liquid nitromethane, and they are indidated as

significantly changes: its population decreases (with a parallel 100+
increase in the population of the OH bond of water) and its

stabilization energy increases. Both of these aspects indicate a 75
strong H-bonding interaction. The analysis, however, becomes
more interesting when the comparison between isolated and 50 ]
“solvated” (in the sense of the IEF continuum model) is ]
introduced.

25
For each cluster, we see that adding a continuum dielectric I

experimental (ppm)
4

leads to an important variation: the “lone pair/OH antibonding” 0_: O in cyclohexane
delocalization energy significantly increases with respect to that O in acetone

found for the isolated systems. Smaller effects are found in the 25 A in DMSO

lone pair occupation (which slightly decreases) and energy. All ] ¥ inwater

these aspects contribute to indicate that including long-range _50_3

effects of a continuum dielectric induces a displacement of 1

pyridazine ground-state charge, leading to a more partially :

negative nitrogen atom on one hand, and to stronger H-bonding '75_25(') """" oo s oo s 0
interactions with the water molecules on the other hand. calculated (ppm)

If we now consider that, when the cluster undergoes an . 1 Experimental and B3LYPIGIAO/6-3#G(d,p) isotropic N
: . . . igure 1. Experimental an - ,p) isotropic
electronic transition transferring electrons between the nitrogen nuclear shielding plot of diazines in various solutions. The calculated results

lone pair and the ring antibonding* orbital, the stabilizing are obtained with the IEF continum model and standard cavities. Experi-
effect due to H-bonding is largely canceled, the result is that mental data are reported with respect to neat liquid nitromethane.
its excited state cannot be stabilized as the ground state and the
absorption energy increases with respect to that of the isolatedfurther amplified when a nitrogen lone pair is involved irf-sp
monomer. Following what was found in the previous analysis, type hybridization and is available for hydrogen bonding with
we can guess that such an effect should be further amplified in protic solvents; such behavior has also been observed in
the presence of a continuum: in this case; in fact, the diazines?24
stabilization of the H-bonded ground state of the cluster is larger  In particular, for diazines, the solvent-induced shielding
due to the additional effects of the long-range interactions of changes appear to be strongly dependent upon the relative
the dielectric, while no parallel stabilization applies to the final positions of the two nitrogen atoms: an extreme situation is
electronic excited state. As a matter of fact, the blue shift we exhibited by 1,2-diazine, where, as reported above, the water-
obtain is significantly larger in the “solvated” than in the isolated to-cyclohexane shift amounts to about 41 ppm; this represents
two-water (2w) clusters. Clear evidence of this behavior can one of largest nitrogen shielding changes so far found to be
be observed for pyrazine, in which the net dipole is zero, and dependent upon a variation in solvent, with the exception of
thus the solvent effect on the-rt z* transition is very small the case of a complete proton transfer occurring between solvent
also in polar but aprotic solvents (here acetonitrile): both and solute.
electronic states are, in fact, almost equally stabilized by the In Table 4 we report the computed (GIAO B3LYP/6-31G-
solvent. In contrast, allowing for the possibility of H-bonds leads (d,p)) nitrogen shielding for the three diazines in the gas phase
to important differences in the nature of the two electronic states, and in the four solutions (cyclohexane, acetone, DMSO, and
and in particular, it largely stabilizes the ground state; the final water) within the framework of the IEF continuum model. In
result is a significant shift0.2 eV). the same table we also report the experimental data in the four

This differential stabilizing effect on ground and excited states Solutions with respect to liquid nitromethane.
can be fully described only by including the effects of specific ~ To get a meaningful comparison between computed absolute
H-bond interactions together with the long-range field of the shieldings and experimental relative values, in Table 4 we also
whole liquid: this, according to our calculations, can be correctly report the experimental and computed cyclohexane-to-solution
represented in terms of a continuum dielectric. shifts docye = o(in a given solution)- o(in cyclohexane), and
in Figure 1 we report the experimentadalculated correlation
plot and the line resulting from a linear fitting.

Solute-solvent interactions may have an important effecton ~ From the analysis of the shifter.,c and from the correlation
the nuclear shielding of nitrogen atoms, and this effect can be plot (the overall standard deviation i89.15 ppm and the

4. Nitrogen Nuclear Shielding
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Table 5. Isotropic N Nuclear Shielding and Shifts do (in ppm) of Table 6. B3LYP/GIAO/6-311+G(d,p) Isotropic N Nuclear
Pyridine in Vacuo and in Various Solvents? Shieldings and Gas-to-Solution Shifts docyc (in ppm) of Diazines in
Various Solvents?@
vac cyc DMSO H
e 10317 —96.16 —86.42 —86.18 pyridazine pyrimidine pyrazine
O0vac 7.01 16.75 16.99 o 800 o 80 o 500y
gﬁfp g'f 89'583 23'?6 cyc 20845 0  -7408 0  -11622 0
Ovac ' ' ' acetone —197.19 1126 -71.82 226 -114.28 194
) . ) DMSO —196.16 12.29 —71.47 261 —113.96 2.26
2 The two sets of computed results in solution correspond to two different yater ~19574 1271 -7135 360 -113.89 2.33

cavities (the standard one and that obtained with a 1.4 scaling factor).

Experimental gas-phase and solution data (from which the shiffg are aThe computed results have been obtained with a larger cavity (i.e.,
obtained) are from ref 8. using with a 1.4 scaling factor for the radii instead of the standard 1.2).

correlation coefficient is 0.98238), it is clear that the model Table 7. Computed Isotropic N Nuclear Shieldings and Shifts oo
loited h | i . lete' h (in ppm) of Water—Diazine Clusters in Vacuo (VAC) and in the

exp oited to re_prese_ntt e solvent effects IS Incomp e'[e’. OWEVET, prasence of an External Continuum Dielectric (IEF)?

different considerations apply to the four different solutions (the

. VAC IEF
apolar cyclohexane, the two polar but nonprotic acetone and
dimethy! sulfoxide, and the polar and protic water). w o iw o exp
The first aspect to take into account regards van der Waals Pyridazine
. : . L . o —188.02 —178.16 —166.53  —159.02
effects (mainly dispersive and repulsive interactions) between (~191.29) (166.54)
solute and solvent, which have been completely neglected in docy. 25.44 35.30 41.92 49.43 41.55
the calculations giving the results reported in Table 4 (and in (17.16) (41.91)
the corresponding plot). Pyrimidine
The consequences of this approximation (which for the ¢ —6188  ~6280  -5472  —58.15
: . o 00cyc 13.62 12.70 19.36 15.93  16.84
previous m* transition seemed not to affect too much the byrazi
e L . yrazine
results) are better quantified in a similar system (pyridine) for 9858  -104.07 01,65 9767

which real gas-phase experimental data are available (for diazine ¢4, 18.46 12.97 2457 18.55 16.85
the experimental reference is a dilute cyclohexane solution, and
thus a refined analysis of solvent effects is more difficult). 2 For the two-water clusters of pyridazine, two values referring to the
S . . two nonequivalent nitrogens are reported. |IEF values have been obatined
Calculated and observed shieldings for pyridine are reported Mwith a larger cavity (obtained with a 1.4 scaling factor for the radii).
Table 5 (the calculations have been performed at the same leveExperimental data are from ref 24.
as those on diazines: B3LYP/6-8%G(d,p) geomerty optimiza-
tions and GIAO B3LYP/6-312G(d,p) shielding calculations). With the new enlarged cavity, the agreement between
As an example of polar nonprotic solvent, we consider here calculated and experimental gas-to-solution shifts becomes much
only DMSO, as no experimental data are available for acetone. better for both cyclohexane and DMSO; in contrast, a parallel
By comparing gas-to-solution computed and experimental improvement is not found for water as, for this solvent, hydrogen
shifts, it is evident that nonelectrostatic effects are not negli- bond effects are so large as to reverse the situation (in fact, the
gible: for the two nonprotic solvents, the computed gas-to- €lectrostatic model alone also underestimates the real effect).
solution shift, doya, resulting from the electrostatic-only If we now apply the same considerations to the three diazines
solvation model overestimates the observied. by more and we use a similarly enlarged cavity (i.e., where the radius
than twice the value. From these results, it appears that solventof each van der Waals sphere has been scaled by a factor of
nonelectrostatic effects on nitrogen shielding induce changesl.4 instead of the standard 1.2), we obtain the results reported
in the opposite direction with respect to the electrostatic ones, in Table 6.
and thus neglecting them leads to too-large upfield shifts in the =~ Such an enlarged cavity significantly improves the agreement
shielding. In water the situation is largely complicated by the between computed and experimental data for all nonprotic
effects of hydrogen bonding, which prevent a reliable evaluation solvents as quantified in terms of the corresponding gas-to-
of nonelectrostatic effects. solution shiftsdocyc (Which have to be compared with the
Following these considerations, a very simple but still €xperimental ones reported in Table 4); such an improvement
effective way to improve the agreement between calculations does not apply to water solution, for which a different specific
and experiments can be obtained by slightly enlarging the analysis is required.
molecular cavity used in the continuum model. A larger cavity, ~ 4.1. Water—Diazine Clusters.As for the previous discussion
in fact, reduces the electrostatic effects; thus, it indirectly takes on n— z* transitions, here we introduce diazinesater clusters
into account the opposite effects due to nonelectrostatic inter-to describe specific H-bonding effects. In Table 7 we report
actions. In Table 5, the shift values reported in the row indicated the calculated shieldings of the clusters without (VAC) and with
“x1.4” have been obtained with a cavity in which the radius the external continuum (IEF) and the corresponding cyclo-
of each van der Waals sphere has been scaled by a factor ohexane-to-solution shifts (the IEF results are obtained with the
1.4 instead of the standard 1.2. Here, it is important to stressenlarged cavity). For the clusters with just one water molecule,
that this rescaling, chosen on the basis of simple qualitative the shielding we report refers to the H-bonded nitrogen, as the
considerations, does not represent a universal rule; the deterother nitrogen behaves as in the monomers (see Tables 4 and
mination of such a rule, in fact, would require a complete fitting 6).
procedure on many different systems, which is far beyond the The results presented in Table 7 confirm the analysis done
scope of the present paper. on electronic transitions: including only specific H-bonding
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effects (i.e., considering gas-phase clusters) means to take intanteractions on one side, and long-range and mediated effects
account only a part of the total solvent effect, while the complete on the other side. This can be achieved by reconsidering the
description is reproduced by adding long-range effects (here previous NBO analysis done on pyridazine and extending it to
represented by the external continuum). all the monomers and the clusters in vacuo and in water.
Before discussing in further detail such finding, it is interest-  4.1.1. Paramagnetic Term and NBO Analysislt has been
ing to note a specificity of this property. Contrary to what is observed that shift trends for nitrogen shielding in different
observed for the trend in the z* shift on passing from 1w environments arise almost entirely from variations in the local
to 2w clusters, here, considering only one H-bond leads to a paramagnetic contribution, the corresponding local diamagnetic
larger effect than assuming a completely saturated 2w cluster.term being almost constahtWe recall that diamagnetic nuclear
Only in pyridazine clusters, shielding behaves similarly to the shielding arises from circulation of electrons in the s orbitals
n — g* transition, thus indicating that for this molecule the and filled shells surrounding the nucleus and is dependent on
effects of the two H-bonds are additive: this diversity of the ground state of the molecule. The diamagnetic contribution
pyridazine with respect to the other diazines needs further to chemical shielding is normally associated with increased
analysis. shielding, with the local field at the nucleus antiparallel to the
Pyridazine is characterized by the aggregation of two nitrogen external magnetic field. Paramagnetic shielding, which arises
atoms in adjacent ring positions: this vicinity affects the from the nonspherical orbitals, is associated with the orbital
structure of the two-water cluster which presents an asymmetry angular momentum of electrons and is therefore dependent on
between the two H-bonds and thus makes the two nitrogensexcited states of the molecule. Paramagnetic contributions
not completely equivalent. In the scheme below we report the normally result in deshielding. More in particular, the local
structures obtained in vacuo and in solution with the HOM paramagnetic contribution can be interpreted in terms of
distances (in A). electronic properties by applying the shielding model originally
developed by Popl&, according to this model, variations in
nuclear shielding of an atom A can be related to changes in its
local charge densities, bond orders, and energies of electronically
excited states®

le e2

os(loc) = —

1
- A—Em‘?’@pg% 1)

The nonequivalence of the two nitrogens is reflected in the where the summation over nucleus B includes A @k
corresponding shieldings which differ by about 13 ppm in vacuo involves elements of the charge densibond order matrixAE
and 6 ppm in solution (see the two values reported in Table 7 is the average excitation energy (AEE), dncfld, is the mean
for each 2w cluster, the first one referring to the nitrogen with inverse cube of the radius of the 2p orbitals on the atom
the closest hydrogen, that indicated with the asterisk in the containing nucleus A.
scheme above). This aspect has to be taken into account in the If we apply this scheme to the interpretation of H-bonds’
comparison with the experimental cyclohexane-to water shift: effects on diazines, the attention has to be focused on N lone
pyridazine is, in fact, the system for which we observe the largest pair orbitals. When these are not directly involved in the
computed-observed discrepancy and the only one for which H-bonds and ar-electron system is available for low-energy n
the 1w cluster gives a better result than the 2w cluster. It is — z* transitions (as is the case in free diazines), a large
worth noting that such a trend is changed by considering the (negative) paramagnetic term will be found. In contrast, the
other nitrogen in the 2w cluster (the corresponding values are partial removal of the lone pair from nitrogen due to H-bonding
reported between parentheses in Table 7): in this case, the shifinteractions with the solvent will reduce this#zz* contribution
with respect to cyclohexane reduces to 41.91 ppm, while the and the absolute magnitude of the paramagnetic term. As a final
experimental value is 41.55 ppm. result, a net increase in the total nuclear shielding will be

For the clusters, it is also interesting to check the effects due observed. This is exactly what should happen in diazines passing
to geometry relaxations: as done for the analysis on the n  from gas-phase (or apolar and aprotic solvents) to protic
a* transition, also here, for the solvated clusters, we have solvents.
recomputed shieldings and shifts using the geometries obtained To rationalize the results presented in Table 7 according to
for the isolated systems. This time, the effects are not completely this interpretative scheme, in Table 8 we report the isotropic
negligible (between 5 and 10% on the shifts), thus indicating a component of the paramagnetic and diamagnetic shielding

far larger sensitivity of nuclear shielding to geometrical tensor,of, and o2, and NBO lone pair occupations for the

Is?

parameters with respect to electronic transitions. This aspect ismonomers and the clusters in gas phase (VAC) and in the
quite important, as it indicates that computational studies on continuum (IEF) (for pyridazine, two values referring to the
nitrogen (or other nuclei) shieldings have to pay a great amounttwo nonequivalent nitrogens are reported).
of attention to the definition of the geometrical structures; for ~ Results reported in Table 8 show that changes in diamagnetic
clusters in particular, this becomes a very delicate issue whichterms are not negligible on passing from the monomer to the
always needs a detailed analysis. clusters, while they are small on going from the 1w to the 2w

The data reported in Table 7 have introduced important clusters; in addition, they are almost completely null when an
aspects, but they still prevent a more detailed interpretation of external continuum is included (for either the monomer or a
the competitive/synergic action of short-range and specific cluster). These results should support the validity of the analysis
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Table 8. Paramagnetic and Diamagnetic Shieldings (ppm) and NBO Nitrogen Lone Pair Natural Population (NP(Ip)) for Diazines and
Water—Diazine Clusters in Vacuo (VAC) and in the Presence of an External Continuum (IEF)?@

VAC IEF
m +lw +2w m +lw +2w
Pyridazine
NP(Ip) 1.939 1.921 1.922 1.943 1.912 1.912
(1.933) (1.924)
o —513.52 —513.09 —496.41 —482.44 —487.20 —474.83
(—504.49) 475.21)
oids 296.58 325.07 318.31 296.90 324.80 319.33
(313.20) (313.95)
Pyrimidine
NP(Ip) 1.919 1.908 1.909 1.924 1.899 1.900
ol —373.88 —384.09 —383.21 —363.159 —376.34 —375.97
ai 296.43 322.21 320.41 296.811 322.83 320.69
Pyrazine
NP(Ip) 1.923 1.911 1.912 1.928 1.903 1.904
ol —409.07 —412.36 —418.97 —399.32 —408.62 —412.69
G; 290.22 314.38 314.89 290.48 317.20 316.64

is

aFor pyridazine 2w clusters two values corresponding to the two nonequivalent nitrogens are reported.

based on the paramagnetic term only to explain differences In a more general analysis, all the nuclear shielding results
between smaller and larger clusters on one hand, and betweershow that inclusion of long-range nonspecific interactions (here
gas-phase and solvated results on the other hand: a warning istepresented by the continuum) amplifies H-bond effects due to
in contrast, necessary when we extend such an analysis to thea stronger interaction between the diazine and the bonded water
monomers, as in these cases the changes in the diamagnetimolecules. This reinforcing effect of the field induced by the
parts can be important. external continuum confirms what was found in the previous
To investigate the effects of H-bonding, we compare (both analysis on electronic transitions and shows that both properties
in the series of gas-phase results and in the parallel one with an(n — #* transition and nitrogen shielding) are affected in a
external continuum) lone pair occupancies of monomers and Similar way by the solvent. We also observe that an indirect
clusters: a significant decrease is found for the one-water cluster,confirmation of this synergic (or cooperative) action of H-bond
which is then partially canceled on passing to the two-water @nd polar effects is represented by pyridazi@e clusters, in
analogue. This electronic charge transfer is sufficiently well Which the presence of the continuum reduces the nonequivalence

correlated to the prediction by eq 1 for the paramagnetic of the two nitrqgens (the diﬁerences in bqth thel distances
shielding: removing electron population from the lone pair and t_he shleldmgs_ for the two nitrogens is more than halved on
orbital should cause the corresponding electron orbital to shrink Passing from the isolated 2w cluster to the solvated one).
toward the nucleus, increasing thE3Oterm and thus the 4.2. Final Comments and Comparison with an Empirical
magnitude of the paramagnetic contribution. As a matter of fact, Approach. The results reported in the previous sections can

in both pyridazine and pyrimidine?, shows the most negative Eet collectlvlelyl ?nglyzzd in terms tOTc? tflnal hcorrfirl]atlonl pllott g
value corresponding to the 1w clusters. etween calculated and experimental data, where the calculate

. o . . data are those obtained using a larger cavity and (in the case of
A different analysis involves the comparison between isolated g g Y (

d “solvated” (IEF ¢ E il the th th water) the IEF 2w clusters. The plot is reported in Figure 2,
and 'solvate ( ) ) sys ems. For all the three monomers, the together with the line resulting from a linear fitting.
inclusion of a continuum dielectric induces a significant increase

in the ni | . It hich diff From the comparison of Figure 2 with Figure 1, it appears
In the nitrogen lone pair population, which means more diffuse ¢ iqent that an improvement is achieved by introducing a

orbitals, a smallefi~*Cterm, and thus a less negativg. The o mpination of refinements in the continuum solvation model

analysis becomes less simple on passing to clusters: addingyq 45 tg take into account both nonelectrostatic effects (through

the continuum reduces the lone pair population of each cluster 4 larger cavity) and, in the case of water, more specific

(indicating a stronger charge transfer from nitrogen lone pair y_ponding interactions (through 2w clusters). The correlation

to H-bonded waters, as already noted in the previous analysisijg now very good (the correlation coefficient is 0.99932), and

on pyridazine, see Table 3); however, this is reflected notin a 5| the major changes induced by solvent polarity and those

more negativery, as expected from considerations on €0 exerted by solvent to solute hydrogen bonding are very well

term but, in contrast, in a net decrease of its absolute value. represented. Even so, a more detailed analysis of the line
The reasons for this can be various. For example, it can equation,

happen that, on passing from isolated to solvated clusters, the

dominant term in determining the paramagnetic shielding Ad,,,= [0.8621¢0.010p,.+

becomesAE; in fact, if we assume that all other electronic 144.58(1.35)]+ 1.81 ppm

transition energies are much larger thAk,,+ and therefore

make a negligible contribution tef}, the observed decrease in indicates that the calculations overestimate the magnitude of

the paramagnetic shielding in the presence of the externalthe shieldings and that the overall standard deviation of about

continuum can be explained in terms of the parallel net increase+1.8 ppm does not allow one to go into a very detailed

of the n— xz* transition energy (see Table 2). numerical interpretation of small effects; however, even in the
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Table 9. Kamlet and Taft Parameters for Diazines in Acetone and

100 5 :
] Water Solutions?
75 _: o B T o]
1 acetone 0.07 0.48 0.72 0
50 H0 (1.13) (0.18) (1.09) 0
s ] a b s d
g, ]
5 254 pyridazine 20.85:0.94 —0.33+1.47 12.99+1.37 0.04+ 0.49
= ] pyrimidine  8.21+0.31 —0.92+0.49 4.09+0.46 0.08+0.12
g 0] pyrazine  7.26:0.32 —0.89+0.57 3.73+0.47 0.01+0.14
g : D incyclohexane aData are from ref 24.
5 254 O  in acetone
] A in DMSO Table 10. Polarity—Polarizability (6o™) and H-Bond (d0%)
] ¥ inwater Contributions (in ppm) to Solvent Shift on Nitrogen Shielding for
=50 Diazines in Acetone and Water Solutions As Obtained from Eq 2
pyridazine pyrimidine pyrazine
-75_25(') """" 5 '0(') """" _'1'5(') """" 1'0'0 """" 5'0 """" (') acetone H,0 acetone H,0 acetone H,0
calculated (ppm) (50“7 9.4 14.2 2.9 4.5 2.7 4.1
oo™ 15 23.5 0.6 9.3 0.5 8.2
Figure 2. Experimental and B3LYP/GIAO/6-3H1G(d,p) isotropic N dotot 10.9 37.7 3.5 13.8 3.2 12.3

nuclear shielding plot of diazines in various solutions. The calculated results
are obtained with the IEF continuum model and larger cavities (see text
for details); in the case of water solution, two H-bonded water molecules . . . .
are explicitly included. Experimental data are reported with respect to neat The results given in Table ]_-0 g"_/e various eIe_ments_ of
liquid nitromethane. comparison with what was obtained in our calculations. First

they show that, for all diazines, both the teanwhich represents

cases where the polarity effects on the shieldings are relativelythe response of the nitrogen shielding to the solvent hydrogen
small, the signs and orders of magnitude are predicted correctly.oond donor strength, and the tesmwhich corresponds to the

The final results summarized in Figure 2 can be further effect of solvent polarity polarizability on the solute nitrogen
evaluated by a comparison with an approach based on the soshielding, are positive; this confirms our previous statement that
called solvent empirical parameters. the two effects induce variations in the same directions. In

In brief, this approach, originally proposed by Kamlet, Taft, addition, these results show that, for each diazine in water, the
and co-workerg® does not involve quantum mechanical or other solvent polarity-polarizability contribution (indicated ado™
types of calculations, but it introduces a numerical treatment in Table 10) to the shift is correlated to the hydrogen bond
of experimental data obtained for a given reference system tocontributiondo®, the former being almost one-half of the latter;
obtain an estimate of solvent effects on various properties. Its this indicates that polarizability and H-bond effects synergically
generalization to the study of the solvent effect on nitrogen interact exactly as we have found by analyzing NBO results on
nuclear shielding in diazines has been proposed by Witanowskithe solvated clusters. For a more correct analysis, it has to be
et al?* The analysis is the following: in order to separate the noted that eq 2 does not contain any explicit “van der Waals
various nitrogen shielding contributions, a four-parameter master term”, and thus eventual effects due to dispersive interactions
equation is introduced to relate the shielding in any solvent X are indirectly included in the anda coefficients (through the
to that measured in a reference solvent (here cyclohexane)fitting procedure): the resulting contributions to the shift are
through additive terms related to some solvent properties. Thethus not pure polarity polarizability and H-bond, respectively.
working expressions yields

5. Conclusions

o(X) = o(cyc) + s(z* + dd) + ao + bj 2 In this work we applied a sequence of solvation models
. . . o ) (continuum, discrete, continuumt discrete) to study solvent
wheres* is an index of solvent polaritypolarizability which effects on the r~ * transition and nitrogen nuclear shielding

measures the ability of the solvent to stabilize a charge or a 4t giazines in different solvents and, more in particular, in water.
dipole by virtue of its dielectric effectsy represents solvent  gch alternation/combination of different models has been
hydrogen bond donor strengtfs, gives the hydrogen bond  equired to study the complex nature of sotuselvent interac-
acceptor strengthy is a correction for polychlorinated and/or  ions when both long-range “polar” and shorter-range specific
aromatic solvents, an€, d, a, andb are the corresponding  y_ponq effects are active. In these cases, in fact, we showed
responses of the appropriate solute molecular property (here thgpat 4 pure continuum model fails to describe the total solvent
shielding) to the relevant solvent property. These coefficients gt (we note that the performances of continuum models are
are obtained through a least-squares fitting on varioqs solventsere tested in terms of the changes induced on two quantities,
The solvent parameters employed by Witanowski et al. for e glectronic transition and the nuclear shielding, which are
diazine are reported in Table 9, while the corresponding solvent ,nawn to be very sensitive to even small modifications of
effects (with respect to cyclohexane) are summarized in Table gjectronic and/or nuclear charge distributions). In the literature,
10; param_eters for water are reported between parentheses agare are many examples of computational studies which, on
less certain. the basis of similar considerations, introduce MD or Monte Carlo
(28) Kamlet, M. J.: Abboud, J. L. M.: Taft, R. Wrog. Phys. Org. Chem. simulations to get a more _correct de_scrip_tion._The large number
198Q 13, 485. of molecules generally involved in this kind of analysis,
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however, prevents one from doing very accurate calculations These three apparently simple rules can become hard to
of the property of interest (usually semiempirical or low-level realize in the computational practice: our studies, however,
QM methods or mixed QM/MM approaches are exploited). In  show that considerations on the chemical nature of the molecular
any case, the important result that comes from these studies issystem when combined with a physical analysis of the molecular
that very large clusters of solutsolvent molecules (going far  property under scrutiny can be used to define simple but
beyond the first solvation shell) have to be considered to get effective protocols. In the previous paper, we have shown that,
the full solvent effecé* for low-polarity solvents giving a weak H-bonding with the

With this work, and the previous one on acetonittfiaye solute (like acetonitrile in CHG), a statistical analysis on
have tried to consider the problem from a different point of “combined” or “hybrid” calculations (in our case realized
view by introducing a two-step procedure. The first step is an through the ONIOM?® formalism) on medium-dimension clus-
analysis of the solvent-induced modifications on the property ters obtained through MD simulations is a good approximation
of interest, which are obtained through a solvation continuum and that, in those systems in which underestimation of the so-
model. At this level it is fundamental that the continuum model called bulk effect is found, further improvements can be obtained
is as accurate as possible: in our case this is realized throughby including an external continuum dielectric. Here we have
the IEF-PCM approach. Such model, in fact, can be coupled shown that, for more polar and stronger H-bonding setute
to high-level quantum mechanical calculations through an solvent systems (like diazines in water), a sufficiently accurate
effective Hamiltonian in which a perturbation operator directly description can be obtained with far smaller (in the number of
dependent on the solute wave function is introduced to representsolvent molecules) clusters but only on the condition that (i)
the electrostatic interactions and a molecularly shaped cavity H-bonded structures are introduced through high-level quantum
is used. On the basis of the results obtained in this continuum mechanical optimization techniques and (ii) the bulk effect is
framework (and, in particular, of possible failures), the following taken into account through an accurate continuum model both
step is defined to include all those aspects of the solvation in the evaluation of the geometries and of the response
phenomenon which are still missing (or are only partially properties.
accounted for). In the numerical practice, this means to introduce It is important to note that the results of both studies confirm
completely different approaches, and to combine them in orderone of the main points predicted by completely different
to get an accurate evaluation of the solute response propertiesapproaches (in particular those in which the microscopic
and of the way these are modified by the environment. structure of solvent molecules in the solution is taken into

In the two papers, the attention has been focused on differentaccount): namely, that H-bonding effects, to be correctly
versions of the same phenomenon (mainly the effects due todescribed, need the inclusion of the long-range interactions due
protic solvents on selected properties of H-acceptor solutes).to solvent molecules far beyond the first solvation shells (i.e.,
Here we have analyzed a strong H-donacceptor solute the bulk).
solvent couple (waterdiazine), while in the previous study the The limited amount of data we have tested so far (as concerns
focus was on the far weaker CHElacetonitrile interactions: both solute-solvent systems and molecular properties) cannot
the differences between the two systems required the use ofgive a definitive answer on the still open problem of the best
different approaches, but the two analyses are strongly con-way to couple different solvation models in order to take into
nected, and they are better appreciated in a unified picture. account all possible aspects related to H-bonding sekdéent

The main idea followed in both works is to explore different systems. However, the results we have presented in these two
theoretical methods to explain solvent effects in terms of clear studies can be considered as the beginning of a multilayer
physical concepts related to intermolecular interactions, and to analysis on the state of the art of modern theoretical solvation
give a valid confirmation of the analysis derived from the models and on the way these can answer the main questions
calculations through a quantitative comparison with experimental concerning the physical nature and the computational repre-
data on various properties. Such studies have both involvedsentation of the solvation phenomenon. Many further confirma-
protic solvents and H-bond acceptor solutes, as the complextions of the two alternative methodological schemes we have
nature of such systems allows a more complete (and moreproposed are surely required, as are extensions to other types
interesting) analysis on limitations and potentialities of theoreti- of solute-solvent couples (not dominated by polar or H-bonding
cal models aiming at describing solvent effects. In conjunction, interactions) and to other molecular properties: development
the two works have shown that a single protocol of analysis in these directions is already in progress.
cannot be found. However, some general rules seem to come
out: (1) H-bonding solutesolvent systems require a combina-
tion of different solvation approaches which has to be chosen
in relation to the nature, and the strength, of the H-bond
interactions on one hand, and to the type of analysis to be done
on the other hand; (2) if this analysis is focused on molecular
response properties, then the solute system has to be described0118542
at an accurate electronic level, otherwise a complete confidence

X . (29) (a) Svensson, M.; Humbel, S.; Froese, R. D. J.; Matsubara, T.; Sieber, S.;
in the results cannot be obtained; (3) the solvent (or a part of Morokuma, K.J. Phys. Chem1996 100, 19357. (b) Humbel, S.; Sieber,
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; ; P i S.; Morokuma, K.J. Chem. Phys1996 16, 1959. (c) Maseras, F.;
it) can be trgated ata}lower level byt only if all the interactions Morokuma, K.J. Comput Chem1995 16 1170. (d) Vreven, T.
have been included in the model in a balanced way. Morokuma, K.J. Comput. Chem200Q 16, 1419.
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