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Influence of Stacking Interactions on NMR Chemical Shielding Tensors in Benzene and
Formamide Homodimers as Studied by HF, DFT and MP2 Calculations
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A systematic investigation of the dependencies of the isotropic chemical shielding and the chemical shielding
anisotropy upon the vertical-stacking distance for the respeéte!H, and3C nuclei present in simple
models representing the aromatic and nonaromatic stacking (i.e., in benzene and formamide dimers accordingly)
has been carried out. Although the approaches employed differ in the way they treat the effects of electron
correlation and hence their ability to account for the energetics of stacking varies significantly, the qualitative
characteristics of the stacking-induced variation in the chemical shielding parameters remain unchanged. This
substantiates the use of the computationally cheap, DFT-based methods (the SOS-DFPT-IGLO strategy in
particular) in modeling the secondary structural effects on chemical shielding parameters of biomolecular
systems.

Introduction they are not directly applicable to an analysis of the full tensorial
information, i.e., to principal elements of the chemical shielding
ﬁensor and their orientation in the reference axis sysfem.
nstead, high-level quantum chemical methods of chemical
shielding calculations (recently reviewed in ref 17) can currently
be applied to the stacked complexes. Examples published so
far include scouting computations by Cui and Karphand by
Xu et al!® of practically important stacking between nucleic

binding of intercalators to DNAetc. Remarkable progress has aqd bases (density functional theory (DF#hased methodolo-
gies have been used). Moreover, Gauss et al. performed

been achieved in the quantitative description of the energetlcsextensive 1H chemical shielding tensor calculations at the

of stacking in model systems (see refs 6 and 7 and rE]cerenceﬁ%artree—Fock (HF) level for hexabenzocoronene derivatives to

therein). Usmg. h.'gh Ievel_ ab Initio methods.and ample bas_ls facilitate solid-state NMR studies of the molecular arrangements
sets, currently, it is becoming possible to obtain precise stacking. S .
in condensed phasésApparently, no ab initio calculations of

energies. Thus, a quantum chemical description of energetic . o
surfaces of suitably chosen models can usefully Supplementchemlcal shielding tensors have been presented for systems
exhibiting the nonaromatic stackirg.

experimental studies of, for example, thermodynamics of ) i s )
stacking? Moreover, it also provides for reliable reference data I this report, the chemical shielding tensors of several nuclei
used in developing more accurate empirical potentials for N Penzene and formamide homodimers, i.e., in systems
subsequent use in classical molecular dynamics and Monte Carld€Presenting simple models of-x and nonaromatic stacking,
simulations of large (bio)molecular systems. respectively, have been carefully investigated. Results for similar
NMR measurements have developed into an important tool Systems (formamidine and pyrimidine homodimers) are also
to probe stacking interactions. Examples range from numerous9ven- HF, DFT, and MP2 (second-order Mgtietlesset
studies on self-stacking of organic compounds using tempera-Perturbation theory) techniques and several basis sets have been

ture-dependent 1EH NMR measurement®,through the most ~ €MPployed. In particular, the trends in changes with the distance

Noncovalent interactions affect many fundamental chemical,
physical, and biochemical processes and are a topical area o
both experimental and theoretical resedréne of the major
manifestations of noncovalent forces are stacking interactions.
They influence the three-dimensional structure of biological
macromolecules such as protéimnd nucleic acidd,confer
stability and specificity in RNArligand complexe$, define

recent evidence, obtained employing th&, H—HOESY between stacked monomers of the isotropic chemical shieldings
technique, for inorganic acicbase stacking in solutiok,to 15N and the chemical shielding anisotropies have been established
and13C NMR investigations of complex biomolecular systems for the first time. Significantly, we demonstrate that despite the
in which global structural information is incomplééeHowever, well-known failure of the HF and DFT methods to correctly

theoretical understanding of the influence of stacking interactions d€scribe the interaction potential for the systems investigated
upon chemical shielding tensors is rather limited. In the case the variation in chemical shielding data can be recovered using
of aromatic stacking (i.e., for the attraction betweesystems), ~ @Pproaches that are by far less demanding than MP2. This is
ring-current theories have been usually invoked (see ref 13 for Important not only from the theoretical perspective but also
review). When properly adjusted, ring-current models can p_ractlcally. For example,_for systems with a significant disper-
provide some insight into stacking contributions to chemical SIon €nergy component, i.e., the stacked complexes of benzene

shifts4 and even chemical shielding anisotropieslevertheless, ~ With methan& and benzene with-methyl acetamidé; various
DFT techniques have been previously adopted to account for

* To whom correspondence should be addressed. Fa20-296809410,  the ring-current effects on NMR parameters. A DFT-based
Phone: +420-296809290. E-mail: czernek@imc.cas.cz. method is also being employed in an extensive investigation of
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Figure 1. Potential energy curves of stacking. MP2, B3LYP, and HF curves are represented by solid, dashed, and dotted lines, respectively. For
the formamide dimer, they have been obtained according to eq 5, and the cubic spline interpolation has been used in the case of the benzene dimer.
The computed points, minima, and inflex points are marked as circles, crosses, and asterisks, respectively. See the text for details.

the influence of stacking upon thél and>N chemical shifts repeatedly exemplified that diffuse functions are important for
in fragments of nucleic acidd.The present study indicates that the proper description of the energetics of stackhghe
computationally less expensive approaches can be used tgolarized doublés basis set augmented with one set of diffuse
reliably describe the contribution of stacking to the variation in functions (DZP+diff) by Dunning and Ha$~28 was examined
the chemical shielding tensors, and thus, they can furnish resultsas well. It contains one s-type diffuse function on hydrogens
directly applicable in, for example, liquid- and solid-state NMR and one p-type diffuse function on the remaining first-row

studies of biological macromolecules. atoms. The DZR-diff basis set has been selected because it
was recently shown to reliably describe the dimethylformamide
Methods dimers3° The third basis set employed is the triglésasis set

f with two sets of polarization functions (TZ2P) by S&maet
al! Its contraction pattern is (5;2)/[3,2*1;1,1] for hydrogens
and (10;6;2)/[5,5*1;4,2*1;1,1] for the remaining atoms. The

referred to as dimer A by the authors). The coordinates of the values of polarization exponents are 0.39 and 1.39 for H, 0.44
formamide dimer (FD) have been prepared by optimizing the 2nd 1.58 for C, 0.58 and 1.73 for N, and 0.69 and 2.08 for O.
planar monomer at the MP2/6-31G* level and creating the MP? chemical shielding calcula'tlons with the above-mgntloned
antiparallel structure (ref 22, Figure 1a) posses€lrgymmetry. basis sets have only begn carrlgd out for the formamide dimer
For both BD and FD, the calculations of energies and chemical (120, 144, and 204 basis functions for DZP, Didff, and
shielding tensors have been carried out at the vertical separationl £2P respectively). The benzene dimer has been investigated
between constituting monomersof 3.0, 3.2, 3.4, 3.6, 3.8, 4.2, employing the DZP ba§|s set (240 basis functions) aqd also using
4.6, and 5.0 A. This interval lies within the range of distances |Z2P (404 basis functions, HF and B3LYP calculations only).
between stacked organic molecules in the crystalline state (cf. Moreover, the SOS-DFPT-IGLO chemical shielding computa-
an extensive survey by Da@#). Scouting calculations for base tions (vide mfrq) have been per_formed using the IGLQ-III basis
pairs of nucleic acids (J. Czernek, unpublished results) have S€t of Kutzelnigg et at? and with a huge JMN2 basis sgt.
suggested that the dependence of chemical shielding tensordGLO-1Il is of roughly quadruples quality with two sets of
upon the changes of buckle, propeller, opening, and twist is polarization functions (the contraction pattern (6;2)/[3,3*1;1,1]
relatively minor when compared to the influence exerted by for Hand (11;7:2)/[5,6*1,2,5*1;1,1] for (C,N,0)). The JMN2
m0d|fy|ng the Vertical intermonomer Separation. IS the unCOﬂtI’aCted IGLO-III baSIS set W|th two add|t|0na| sets
Compared to the HF and, especially, DFT treatments, memory of p(_)lari.zation functions. The use of the. IGLO-III resulted in
and disk requirements of MP2 chemical shielding calculations @pPplication of 282 and 564 basis functions for FD and BD
grow very fast with the number of basis functions. Consequently, @ccordingly. In the case of the JMN2 basis set, the number of
it is of interest to compare results obtained using several basisPasis functions was 444 and 888, respectively.
sets of increasing size and quality to be able to assess the basis The chemical shielding tensors at the HF and Mpvels
set dependence of the trends in chemical shielding changeshave been calculated with the gauge-including atomic orbital
Thus, the smallest basis set considered is the polarized déuble- (GIAO) formalisn?>36 using the Gaussian 98 suite of pro-
(DZP)2627.28)ts contraction pattern is (4;1)/[3,1;1] for hydrogen grams3’ The GIAO method of overcoming the gauge problem
and (9;5;1)/[6,3*1;4,1;1] for first row atoms. As it has been was also combined with the B3LYP (Becke’s three parameter

As for the benzene dimer (BD), the parallel arrangement o
two benzene molecules has been investigated in the MP2/6-
31G* geometry taken from ref @, symmetry; the structure
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exchang® and Lee, Yang, Parr correlati#i DFT functional. determined from the current density (see refs 51 and 52 for
In this scheme, the coupled-perturbed Ket8ham equations  details). For a more consistent comparisonA@fs predicted

with the presence of Hartred-ock exchange terms are solved; by the McConnell equation with their quantum chemical
the implementation in Gaussian 98 has been #38@S-DFPT- counterparts, the chemical shielding tensors of the benzene dimer
IGLO shielding tensors have been obtained with the deMon- have also been obtained with the CSGT gauge choice using
MASTER—-CS codé'#2 which implements sum-over-stated the implementation in the Gaussian 98The B3LYP/TZ2P
density functional (RayleighSchrainger) perturbation theory  DFT approach has been adopted with the CSGT calculations.

with the individual gauges for localized orbitals (IGL&)The The interaction energieé\E, have been obtained using the
Perdew-Wang-91 exchange-correlation poteriidtthe FINE variational supermolecular approach; the basis set superposition
angular integration grid with 64 radial shelfsand the ap- error (BSSE) was corrected for by means of the counterpoise

proximation Loc. 1 SOS-DFPThave been used. The molecular method?2 For the formamide dimer, the potential energy curves

orbitals have been localized by the method of B#yin what of stacking, i.e., the dependenciesAdt onr, have been fitted

follows, the resulting approaches for chemical shielding calcula- in the least-squares sense to the form

tions will be denoted simply as HF, MP2, B3LYP, and SOS-

DFPT. AE(r;Cs,C,,.CqC) =Cot °+ Cr '+ Cyr 8+ Cyr° (5)
Principal components of the chemical shielding tensor of

selected atoms (see Results and Discussion) as provided by thén inclusion of theC,r—" terms fromn = 6 up ton = 9 has

above-mentioned programs;; < 022 < o33, have been used  been found necessary to ensure the correlation coeffiéént

to calculate the isotropic chemical shieldingf° values are higher than 0.999, and the variances of residuals,
© o2, are smaller than 0.0016. Subsequently, the positions of a
=1/3(01, + 0yt 039 1) minimum, rmin, and of an inflex pointyiniex, Of the potential

energy curves have been calculated by computing
and the part of the chemical shielding anisotropy responsible

for autocorrelation processes, CSA dAE(r;Ce,C;,Cg,Cy)
dr

_ 2 2 2
CSA,= \/ 011"t 0y + 033" = 01105, = 011033~ 0033 (2) g
an

The parameter CSfhas been chosen for the presentation of
the changes in chemical shielding anisotropy, because simplified dzAE(r;CG,C7,C8,C9)
assumptions about axial symmetry of the chemical shielding 2
tensor are not invoked in its definition. See references 47 and dr
48 for a thorough discussion of different definitions of chemical
shielding anisotropies.

McConnell equatiof? has been used to model the change, Results and Discussion

which is brought about by the presence of stacking benzene ) ) _ _
molecule, in the isotropic chemical shift of a proton in  Energetics.The HF, B3LYP, and MP2 interaction energies

benzeneAd. In the present case, based on symmetry consid- and BSSE values computed with the DZP, Datiiff, and TZ2P
erations, lefR denotes the vector pointing from the proton in basis sets (for the formamide dimer) and the DZP basis set (the
one benzene molecule to the center of symmetry of the seconddenzene dimer) are available as Supporting Information (Tables
benzeneRis the Euclidean length @&, 6 is the angle between ~ 1S-4S). Estimatedyin andrinexdata (see above) together with

R and they;1 principal component of the molecular magnetic  'espectiveAE(rmin) and AE(rinfiex)values are also given with

respectively, and solving these expressions for 0.

Susceptib”ity (magnenzabmty) tensor of benzea&l(is per- Tables 15-3S. The statistical data Concerning eq 5 and the total
pendicular to the benzene ring), apiis°is the anisotropy of energies of all structures can be obtained from the author upon
the molecular magnetic susceptibility tensor of benzeA#s request. The potential energy curves are shown in Figure 1. It

= y11 — 1222 + x33), Whereyz, and y33 are the in-plane should be mentioned that several high-level theoretical inves-
principal components). McConnell equation thus takes the form tigations of the binding energy of the benzene dimer éXist,
and the formamide dimer has been studied in detail at the
_ 1 _anis _ CCSD(T) leveP® Hence, the present results serve exclusively
A0 = 3R3X WBeoso-1) ®) as a demonstration of qualitative differences betwagis as
provided by respective methods and do not aim in obtaining
which can be easily rearranged into data of supreme accuracy.

It has been repeatedly stressed in the literature that both the
Hartree-Fock method and current approximate exchange-
correlation functionals within the KokhfSham framework are
unable to correctly account for the dispersive interactions and
whered is the distance from the center of symmetry of benzene thus are not expected to provide accurate interaction energies
to the proton @ = 2.4824 A at the MP2/6-31G* level) ands of weakly bound complexes (including stacked orfésffor
the vertical separation between the monomers. Note that theexample, it has been recognized for a long time that HF and
functional form expressed by eq 4 explicitly relat®s to the DFT methods fail completely to describe the attraction in the
separation between benzene molecules. The molecular magnetibenzene dimer: a repulsive interaction is predicted (see Figure
susceptibility tensor of benzene has been calculated using thel, the subplot on the right of the second row). In the case of
CSGT metho#P as implemented in the Gaussian 98 program nonaromatic stacking, our MP2/TZ2P values agree within 0.2
package. In this approach, gauge-invariance is achieved bykcal/mol with the results of the MP2/aug-cc-pVDZ step by step
performing a continuous set of gauge transformations, and theoptimization of the vertical separation of the stacked formamide
magnetic susceptibility (and chemical shielding) tensor is monomers published by Hobza anpldder (Table 2 of Ref 55).

2 2
aniso 2r°—d

Ad =
3(d? + )52

(4)
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TABLE 1: Amidic 1°N Isotropic Chemical Shielding (ppm) and Chemical Shielding Anisotropy (in Parentheses, ppm) at
Different Vertical Separations between Formamide Monomersi(, A) as Predicted by Various Approaches

DzP DZP+ TZ2P
r MP2 HF B3LYP MP2 HF B3LYP MP2 HF B3LYP SOS-DFPT
3.0 170.1 158.5 140.0 168.2 156.8 138.2 153.7 145.8 126.8 127.7
(138.7) (159.6) (154.3) (146.1) (163.1) (159.6) (157.8) (171.0) (168.0) (160.6)
3.2 174.4 162.8 144.7 172.6 161.8 142.9 158.2 150.2 130.9 132.2
(140.9) (161.0) (156.2) (149.0) (165.3) (162.0) (161.1) (173.3) (170.8) (163.3)
3.4 177.1 165.6 147.7 175.5 164.7 146.0 161.2 153.0 134.7 135.1
(142.2) (161.7) (157.2) (150.8) (166.4) (163.3) (163.1) (174.6) (173.2) (164.9)
3.6 178.9 167.3 149.7 177.3 166.5 148.1 163.1 154.8 136.8 136.9
(142.8) (161.9) (157.7) (151.7) (167.0) (164.1) (164.3) (175.3) (174.3) (165.9)
3.8 180.0 168.5 150.9 178.5 167.6 149.4 164.3 156.0 138.1 138.2
(143.1) (161.9) (157.9) (152.1) (167.3) (164.4) (164.9) (175.7) (174.9) (166.4)
4.2 181.2 169.6 152.2 179.7 168.9 150.9 165.6 157.4 139.7 139.3
(143.1) (161.6) (157.8) (152.1) (167.3) (164.4) (165.3) (175.7) (175.1) (166.1)
4.6 181.7 170.1 152.7 180.3 169.5 151.6 166.4 158.1 140.6 140.0
(142.9) (161.3) (157.5) (151.7) (167.0) (164.0) (165.1) (175.4) (174.9) (165.7)
5.0 181.9 170.4 153.0 180.7 169.9 152.1 166.8 158.5 141.1 140.3
(142.7) (160.9) (157.3) (151.2) (166.5) (163.5) (164.9) (175.0) (174.7) (165.3)
a See the text for the description of respective computational methods.
Consequently, the former data will be used to benchmark the 170 -
results of the remaining approaches adopted here. As it might a N A
be anticipated, both the HF and B3LYP methods provide too 193 a 4
crude a description of the potential energy curves of stacking. 160 - . 4 v v
Specifically, these methods tend to underestimate the well depths 1554 v 7 M
and provide far too long equilibrium intemonomer separations T 4 v
and rather flat potential energy curves (see the corresponding & "1 7
subplots of Figure 1). For example, in the case of the TZ2P = 1454V
basis set, the HF and B3LYRE(rmin) values are-1.76 and 5 1404 o o s
—1.48 kcal/mol, respectively, as compared to the MP2 value o ©°
of —2.34 kcal/mol; the HF and B3LYRn's lie at ap- 1351 ©
proximately 3.99 and 3.89 A, respectively, whereas their MP2 130 ¢
counterpart is located at 3.57 A; the HF and B3Li#x values
(4.78 and 4.72 A accordingly) are separated by ca. 0.5 A from S 32 a4 36 38 40 42 44 45 48 50
the MP2rinex= 4.22 A. Such an inadequate behavior of the r [A]

HF and DFT methods in the description of the energetics of figure 2. Plot of the N isotropic chemical shielding of amidic
nonaromatic stacking is also apparent for computations usingnitrogen in the formamide dimers°(N) computed at different vertical
smaller basis sets. Interestingly, the MP2 potential energy curvesseparations between monomeitsy the MP2 (up triangles), HF (down
of stacking benefited more from the extension of the basis settriangles), B3LYP (solid circles), and SOS-DFPT (open circles)
from DZP to TZ2P than from the augmentation of the Dzp Methods. See the text for details.

with diffuse functions. Refer to Figure 1 and Supporting
Information Tables 1S3S for further details.

Formamide Dimer. Now we will turn to the description of
the chemical shielding property. We start with #is chemical
shielding of the amidic nitrogen(s) in the formamide dimer: The ¢ots the increase of thes°(N) with the distancer can be
yalues of theds(N) gnd CSA(N) comput'ed at respectwg accurately fitted to the form
intermonomer separations are summarized in Table 1, and Figure
2 graphically illustrates the's%(N) data (the TZ2P basis set has
been used with the GIAO-based approaches).

A full account of the tensor components as computed by HF,
MP2, B3LYP, and SOS-DFPT methods using several basis setscontaining only three parameters, i.@.b, andc (not shown).
is given in Supplementary Information (Tables-5%5). For It is not unexpected the HF and DFF(N) values are
all methods and basis sets considered, a monotonic increase ofiniformly too deshielded with respect to the MP2 data; this
the ¢'°(N) with the distance between monomers can be seen. effect appears to be caused mostly by deficiencies in the
The overall change is significant: the predicted differences description of the virtual HartreeFock and Kohr-Sham
between the°(N) atr = 3.0 and 5.0 A range from-11.8 orbitals (see ref 57 for the most recent development and
(MP2/DZP) to—14.3 ppm (B3LYP/TZ2P). The influence of references concerning this problem). Remarkably however, the
the basis set on computeti®(N) values is apparent from Figures  deshielding, while as large as 30 ppm when smaller basis sets
3 and 4, where the DZP, DARIiff, and TZ2P data are shown are employed, remains fairly constant in the whole range of
for the MP2 and HF calculations accordingly. Clearly, the bigger vertical separations investigated. For example|ie2 — HF|
the basis set, the less shielded the amidic nitrogen becomesand|MP2 — B3LYP| data obtained with the TZ2P basis set lie
The deshielding with respect to the DZP results is much more between 7.88 and 8.28 ppm (mean value 8.18 ppm, standard
pronounced for the TZ2P than DZHiff data. As for the basis  deviation 0.138 ppm), and 25.71 and 27.33 ppm (mean value
set dependence of the SOS-DFPT-IGLO calculations, the 26.32 ppm, standard deviation 0.565 ppm), respectively. It is
maximum differences between the results obtained with the worth remarking thatMP2 — HF| differences are commonly

IGLO-IIl and JMN2 basis sets are 1.6 ppm for the principal
components of ther(N) and only 0.36 ppm for the isotropic
chemical shielding of the amidic nitrogen.

It is noted that for all combinations of methods and basis

iSO _ a
o"(N) = 1+ expr) te ©



3956 J. Phys. Chem. A, Vol. 107, No. 19, 2003 Czernek

183 - 176
- [] . W v 7 M b4 3  §
180 - [ ] + + 174 L4
-~ v e
177 L] + 172
+ v e
174 L 170 4
+
Em-. 5168-.
2 168+ = 166 | o © o
- x * > A L Q
3 * < o L, 4
< 165 % <"164-
* b o
© 162 4 o
* 162 - .
159 1 * 160 °
156 158 a
*
153 -5 T T T T T T T T T T 156 L . . . T r . r . : ;
30 32 34 36 38 40 42 44 46 48 50 30 32 34 36 38 40 42 44 46 48 50

r [A] r[Al

Figure 3. Plot of the N isotropic chemical shielding of amidic Figure 5. Plot of the ®N chemical shielding anisotropy of amidic

nitrogen in the formamide dimer*(N) computed at different vertical  pjtrogen in the formamide dimer C$) computed at different vertical

separations between monomersy the MP2-GIAO method with the  separations between monometsy the MP2 (up triangles), HF (down

DZP (squares), DZPdiff (crosses), and TZ2P (stars) basis sets. triangles), B3LYP (solid circles), and SOS-DFPT (open circles)
methods. See the text for details.

171 4 . . [ ]
168 - - ¥ * of changes in respective principal values with increasifef.
1654 . * eq 1): whileo; diminishes with increasing the intermonomer
. separation, the remaining two tensor components increase (see
Ik B Tables 95-12S). On the other hand, the C$H) values grow
£ 1504, * * roughly 1 ppm when going from= 3.0 to 5.0 A. This increase
E 564" * * can be simply and accurately approximated with the second
? * order polynomial (data not shown). As was the case with the
"o 1537 * chemical shielding data of the amidic nitrogen, all methods and
150 x basis sets employed qualitatively agree in the trends predicted
147 for the changes ing's9(H) and CSA(H). The maximum
x difference between data obtained by the SOS-DFPT method

144 = T T T T T T T T T T
30 32 34 36 38 40 42 44 46 48 50

r [A]

using the IGLO-IIl and JMN2 basis sets is 0.31 ppm for the
oii(H) and only 0.13 ppm for the's°(H).

Figure 4. Plot of the 5N isotropic chemical shielding of amidic Benzene Dimer. Let us now describe the influence of
. . 1 . A .
nitrogen in the formamide dimers®(N) computed at different vertical stacking upon thé°C and*H chemical shielding tensors in the

separations between monomerby the HF-GIAO method with the ~ Sandwich configuration of the benzene dimer. The principal
DZP (squares), DZPdiff (crosses), and TZ2P (stars) basis sets. components as provided by various approaches are detailed in
Supporting Information Tables 1399S. Before discussing
considered as an upper bound of the electron correlation respective tendencies it should be pointed out that the size of
contributions to chemical shieldiPfy(see also references 17 and  the benzene dimer, despite exploiting the eriggsymmetry,
59). This suggests that the correlation effects on d¢k%N) severely limits the number of basis functions we are able to
remain practically constant, at least within the studied interval. apply with the MP2 shielding calculations. It was not possible
The dependence of the C$Af amidic nitrogen orr is less to go beyond the DZP basis set in the present work, and we are
dramatic than in the case of the absolute isotropic shielding (seeaware of the fact that the results are far from being converged.
Table 1). After an initial increase in the CgA) values of up For example, the experimental data for #&(C) ando's%(H)
to 8 ppm in the interval between 3.0 and about 4 A, the results of the isolated benzene molecule are 57&hd 23.68 ppn%?
are predicted to mildly decrease wheapproaches 5.0 A. This  respectively, whereas the MP2 results obtained with rather small
behavior is common to all methods and basis sets investigatedDZP basis set are 83.1 and 24.20 ppm accordingly. Even with
here and is exemplified in Figure 5 (the TZ2P basis set has the TZ2P basis set tHéC and'H atoms are still too shielded
been used with the GIAO-based approaches). It is noteworthy (the MP2/TZ2P theoretical results as&°(C) = 65.9 ppm and
that the fastest approach employed, i.e., SOS-DFPT/IGLO-III ¢'%(H) = 23.93 ppm). In agreement with the case of tfid
(see refs 47, 48, and 60 for details), fortuitously provides the and*H SOS-DFPT calculations for the formamide dimer, the
CSAK(N) values very similar to the MP2/TZ2P data. IGLO-III principal values of thé-3C and'H chemical shielding
As there is an eminent interest in understanding, using tensors and the correspondio§®(C) ando's%(H) data for the
simple models of biomolecules, of various structural contriou- benzene dimer are converged with respect to their JMN2

tions to the H proton chemical shielding in proteifisye will counterparts. Namely, tHe&SLO-IIl —IMNZ| differences in the
briefly discuss the results obtained for the amidic proton(s) in computed;;(C), gii(H), 0*%C), ando's°(H) do not exceed 0.39,
the formamide dimer as well. The changes of ##f&(H) and 0.23, 0.20, and 0.22 ppm, respectively. Thus, as was demon-
CSAy(H) with the vertical separation between monomers are strated earlier for the adenir¢hymine base pair of nucleic
collected in Table 2. The complete set of ihgH)'s is given acids?® the IGLO-IIl basis set can be considered saturated for
as Supplementary Information Tables-982S. the description of the chemical shielding in the SOS-DFPT-

The isotropic chemical shielding of the amidic proton is IGLO framework. _
predicted to be virtually unaffected by the nonaromatic stacking.  Table 3 collects the's%(C) and CSA(C) values computed
This facet can be traced back to an almost-perfect cancellationwith the DZP basis set at the same intermonomer separations



Influence of Stacking Interactions Homodimers

J. Phys. Chem. A, Vol. 107, No. 19, 2003057

TABLE 2: Amidic !H Isotropic Chemical Shielding (ppm) and Chemical Shielding Anisotropy (in Parentheses, ppm) at
Different Vertical Separations between Formamide Monomersi, A) as Predicted by Various Approaches

DZP DZP+ TZ2P

r MP2 HF B3LYP MP2 HF B3LYP MP2 HF B3LYP SOS-DFPT

3.0 24.15 24.17 23.68 23.86 24.02 23.40 23.62 23.97 23.32 22.94
(4.61) (3.06) (3.57) (4.25) (2.86) (3.19) (4.08) (2.94) (3.16) (4.06)

3.2 24.16 24.18 23.70 23.87 24.02 23.41 23.64 23.98 23.34 22.95
(4.75) (3.14) (3.71) (4.38) (4.38) (3.31) (4.23) (3.02) (3.31) (4.23)

3.4 24.17 24.18 23.72 23.87 24.02 23.41 23.65 23.98 23.35 22.96
(4.86) (3.20) (3.81) (4.49) (2.98) (3.42) (4.35) (3.09) (3.43) (4.37)

3.6 24.18 24.19 23.73 23.87 24.02 23.41 23.65 23.99 23.36 23.30
(4.94) (3.27) (3.89) (4.59) (3.05) (3.51) (4.45) (3.16) (3.53) (4.48)

3.8 24.19 24.19 23.73 23.87 24.02 23.41 23.66 23.99 23.37 22.98
(5.01) (3.34) (3.95) (4.67) (3.12) (3.59) (4.54) (3.23) (3.61) (4.58)

4.2 24.20 24.19 23.74 23.87 24.01 23.41 23.67 23.99 23.37 22.99
(5.14) (3.46) (4.07) (4.82) (3.25) (3.73) (4.69) (3.37) (3.77) (4.70)

46 24.20 24.19 23.75 23.87 24.01 23.40 23.67 23.99 23.38 22.99
(5.24) (3.58) (4.16) (4.97) (3.38) (3.85) (4.81) (3.49) (3.89) (4.80)

5.0 24.20 24.19 23.74 23.86 24.00 23.39 23.67 23.99 23.38 22.99
(5.32) (3.67) (4.24) (5.05) (3.49) (3.95) (4.92) (3.60) (3.99) (4.89)

a See the text for the description of respective computational methods.

TABLE 3: 13C Isotropic Chemical Shielding (ppm) and
Chemical Shielding Anisotropy (in Parentheses, ppm) at
Different Vertical Separations between Benzene Monomers
(r, A) as Predicted by the GIAO-Based Approaches
Employing the DZP Basis Set

r MP2 HF B3LYP r MP2 HF B3LYP
30 755 575 541 38 822 657 617
(196.0) (228.5) (207.2) (186.4) (216.2) (196.2)
32 783 611 574 42 831 667 628
(191.9) (223.2) (202.5) (184.9) (214.4) (194.6)
34 802 633 594 46 834 670  63.2
(189.3) (219.8) (199.5) (184.0) (213.5) (193.7)
36 814 648 608 50 835 670 632
(187.5) (217.6) (197.6) (183.5) (213.0) (193.2)

a See the text for the description of respective computational methods.
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Figure 6. Plot of the'*C isotropic chemical shielding in the benzene
dimer ¢'°(C) computed at different vertical separations between
monomersr by the MP2-GIAO/DZP (up triangles), HF-GIAO/DZP
(down triangles), B3LYP-GIAO/DZP (solid circles), HF-GIAO/TZ2P
(diamonds), and SOS-DFPT/IGLAII (open circles) methods. See the
text for details.

as the chemical shielding data obtained for the formamide dimer.
The absolute isotropic shielding &tC nuclei is predicted to
decrease significantly upon diminishing the distance between
monomers. This holds for the HF/TZ2P, B3LYP/TZ2P and
SOS-DFPT data as well (cf. Figure 6).

Interestingly, an almost-perfect fit (data not given) of this

the relationship between thes°(N) and the vertical separation

r in the case of nonaromatic stacking (see the Formamide Dimer
section). This model works also for, for example, t#id and

13C isotropic chemical shielding in formamidine and pyrimidine
homodimers (cf. Supporting Information Tables 28 .S) and

in stacked nucleobasé&swhich is an indication of a more
general trend. Further, the MP2/DZP results for ##5¢(C) are
higher than their HF/DZP counterparts, whereas [M2 —

HF| differences remain approximately the same within the
investigated range af values. Namely, théMP2 — HF| data

lie between 16.40 and 17.95 ppm with the mean value of 16.79
ppm and the standard deviation of only 0.194 ppm. Thus, the
effect of correlation has a negligible influence on the differences,
which are brought about by the stacking of two benzene
molecules, betweews°(C)'s at different intermonomer dis-
tances. The relative unimportance of a contribution to the
chemical shielding due to the effects of electron correlation has
been observed in a number of other systéfrSor example,

the IMP2 — HF| data obtained for the formamidine dimer
employing the DZR- basis set lie between 25.10 and 25.18
ppm (mean value 25.15 ppm, standard deviation 0.033 ppm) in
the case of th@'s9(C) (see Table 20S) and between 9.73 and
10.12 ppm (mean value 10.02 ppm, standard deviation 0.136
ppm) for the isotropic amind®N chemical shielding (Table
23S).

Figure 7 shows the CS£C) data as calculated by several
methods. In agreement with results obtained for isolated benzene
at the Hartree Fock level using ample basis sétsn extension
of the basis set causes a pronounced deshielding effeef;on
and oy, principal elements thus leading to an increase of the
13C chemical shielding anisotropy. In accord with a high-level
treatment of the monomé#,correlation effects cause strong
(20—30 ppm) shielding o1, ando, and remainoss practically
unaffected (cf. Tables 13S18S). Nonetheless, all methods and
basis sets predict an exponential decrease of the,(C3Avith
the monomer separation (Figure 7).

Table 4 contains the values of the isotropic chemical shielding
and CSA of the H nuclei in the vertically displaced benzene
dimers computed by the HF, MP2, and B3LYP methods using
the DZP basis set. It can be of some interest to compare the
changes in thes's(H) with the distance between benzene
monomers obtained by an explicit quantum chemical calculation

decrease can be obtained by using the three-parameter fornto those resulting from a simple and popular model first

given by eq 6, which we have successfully applied to describe

proposed by McConnetf In the latter approach, one of the
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Figure 7. Plot of the'3C chemical shielding anisotropy in the benzene benzeneAd due to the presence of a stacking benzene molecule at the
dimer ¢®°(C) computed at different vertical separations between Vvertical separation as predicted by the B3LYPCSGT/TZ2P method
monomerst by the MP2-GIAO/DZP (up triangles), HF-GIAO/DZP  (stars), and by two forms of a McConnell-type model, i.e., eqs 3 and
(down triangles), B3LYP-GIAO/DZP (solid circles), HF-GIAO/TZ2P 7 described in the text (solid and dotted line accordingly).
(diamonds), and SOS-DFPT/IGL-AII (open circles) methods. See the

text for details. and performing the least-squares fit between the B3LYP
TABLE 4: H Isotropic Chemical Shielding (ppm) and CSGT/TZ2P data from the mterva[B.G_O;lS.G)ZlA an_d the
Chemical Shielding Anisotropy (in Parentheses, ppm) at values computed from eq 7. The resultikg= —89.7 is still
Different Vertical Separations between Benzene Monomers fairly close to the values of susceptibility anisotropy discussed
(r, A) as Predicted by the GIAO-Based Approaches above and leads to an almost-perfect agreement between the
Employing the DZP Basis Set McConnell model and the quantum chemical results considered
r MP2 HF  B3LYP r MP2 HF  B3LYP (see Figure 8). This straightforward procedure can be employed
30 2461 2468 2450 38 2466 2476 2457 torelatethe McConnell model to shielding results obtained by
(5.11) (6.09) (6.20) (3.81) (4.16) (3.92) the remaining approaches (data not given).
3.2 2469 2478 2459 42 2462 2469 2450
(4.37) (5.07) (5.08) (3.80) (4.06) (3.73) :
34 2471 2480 2461 46 2455 2462 2444 CONCIUSION
36 (2‘2%50) (2‘2572 (2444§3 5.0 (3-48;2) (‘21-41?7 (3-47 % Current quantum mechanical methods of ab initio chemical
(3.89) (4.31) (4.14) 4.01) (4.23) (3.80) shielding calculations allow one to explore in a systematic way

the variation in the chemical shielding parameters due to a
@ See the text for the description of respective computational methods.variety of intermolecular interactions. Here several such ap-
,proaches have been combined with basis sets of different size
and quality to monitor the isotropic chemical shielding and the
chemical shielding anisotropy of theN, 'H, and*3C nuclei at
different vertical-stacking distances in the formamide and
benzene dimers. Although the computational strategies em-
ployed differ in the way they treat the effects of electron
correlation and hence their ability to account for the energetics
) of stacking varies significantly, the qualitative characteristics
whereas the experimental data gie = —157.1,722 = 733 = of the stacking-induced variation in the isotropic chemical
—57.9>* Hence, the DFT value of the anisotropy of the gpie|ging and the chemical shielding anisotropy remain un-
magn_etlzablllty tensor of benzene-106.8) is close to the changed. In particular, the HF and DFT values of dis&N) in
experimental*"*> = —99.2 ppm A/molecule and has been q tormamide homodimers, and of th°(C) in the benzene

entered into McConnell eq 3 (see the Methods section). The o gimers, are uniformly deshielded with respect to the MP2
B3LYP—CSGT/TZ2P shielding data are given in Supporting data. Namely, théMP2 — HF| differences obtained for the

Information Table 19S. The values of the isotropic shielding o5%(N) employing the TZ2P basis set lie between 7.88 and 8.28
calculated at the separations from 3.0 up to 15.0 A, relative to ppm (mean value 8.18 ppm, standard deviation 0.138 ppm); in
the 0*(H) in the isolated benzene, are shown of Figure 8 i, case of theis°(C) studied using the DZP basis set, they lie
together with the\d values as predicted by McConnell equation. between 16.40 and 17.95 ppm (mean value of 16.79 ppm
BecaUﬁehof thef v_\llell-knO\INn |C|OSF'C°maRt effetishe MIC' standard deviation 0.194 ppm). As a result of this relative
denne t eﬁfy alls completely below 3.6 A. Hc;vvlever, atlarger \nimportance of the level of treatment of electron correlation
Istances, this approximation is quite successful. An agreementqintions to the chemical shielding tensors, an application
t_)etween the DFT sgpermolecular_ results and McConneII equa-of the computationally cheap, DFT-based methods (the SOS-
tion can be further improved by finding an "effective suscep- pepTGLO strategy in particular) to the modeling chemical
tibility anisotropy”, K. This is obtained by writing down eq 4 gpie|ding parameters of stacked complexes is justified.
(cf. the Methods section) to contalfias a coefficient Of special interest is the finding that both tH& (in FD)
5 o and13C (in BD) isotropic chemical shielding is predicted to
AS(rK) = K& 7 increase exponentially with the intermonomer separation ac-
(r’ ) 2 2 5/2 ( ) . . . . .
3d +r9) cording to a simple parametrization given by eq 6. Such

benzene molecules is treated as the “remote chemical group
which modifies the isotropic chemical shift of a proton of the
second benzene by an amouhd given by eq 3 (see the
Methods section). The B3LYPCSGT/TZ2P approach adopted
here gives the principal elements of the magnetizability tensor
of benzene in a good agreement with experiment. Namely, in
the units of ppm Amoleculey11 = —162.7 22 = y33= —55.9,
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relationships, which have been shown here to hold also in the and distributed by the Molecular Science Computing Facility, Environmental

formamidine and pyrimidine homodimers, could be developed
into a useful probe of the structure of complex systéms.
Moreover, the contribution of stacking to tHé&l isotropic

and Molecular Sciences Laboratory which is part of the Pacific Northwest
Laboratory, P.O. Box 999, Richland, WA 99352, USA, and funded by the
U.S. Department of Energy. The Pacific Northwest Laboratory is a multi-
program laboratory operated by Battelle Memorial Institue for the U.S.

chemical shifts in the benzene dimer has been Successfu”yDepartment of Energy under contract DE-AC06-76RLO 1830. Contact

modeled using a modified McConnell motfeht the inter-

David Feller or Karen Schuchardt for further information.
(29) Soner, J.; Berger, I.;[@dkova N.; Leszczynski, J.; Hobza, B.

monomer separations higher than 3.60 A. An analogous Biomol. Struct. Dyn200q S2 (11th Conversation Special Issue), 383
approach can be employed in an estimation of the ring-current407.

effects on the proton chemical shifts in nucleic acts.
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