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As a test for the applicability of the density functional theory (DFT) to hydrogen-bonded systems, various
local and nonlocal exchange correlation functionals have been used to calculate the equilibrium structure and
the harmonic vibrational frequencies of the pyriditveater complex. We also performed restricted Hartree

Fock (RHF) and MollerPlesset (MP2) calculations for comparison. Three different basis sets (6-31G**,
6-31++G**, and 6-31H-+G(2d, 2p) 6d)) were used in the study. The best agreement between the DFT
computed and the experimental rotational constants for monomeric pyridine were obtained with the B3-
PW91 and B3-LYP functionals. For the vibrational frequencies of the H-bonded complex, the experimental
data from matrix FT-IR spectrometry as well as the results obtained from the ab initio methods were best
reproduced with the DFT method with the nonlocal exchange and correlation functionals. The hybrid
approaches, which mix HF and Slater exchange, are particularly effective in these types of calculations.

Introduction distance in the water molecule upon formation of the complex,
the H-bond interaction energy, and the IR frequency shift of
the stretching vibration of the OH proton donor group. The
above quantities are either determined using theoretical ab initio
or DFT calculations or taken from the experimental data. Among

Investigations of hydrogen-bonded complexes using the
density functional theory (DFT) have been performed exten-
sively in recent years:10 These include the theoretical DFT

calculations of hydrogen-bonded systems involving the DNA

bases. Some of these svstems. as well as complexes of relateﬁ:e different functionals used within the DFT method particulary
) y e . p . e B3-LYP functional, which has been recommended by several
model complexes, have been studied using both theoretical ab,

7 ; N :
initio and experimental matrix-isolation FT-IR methodologies authors}” has been thoroughly analyzed in combination with

by the present authot$:1° Because of the extended amount three different basis sets.
of the theoretical results being available for these systems, the ) )
predictive ability of the theoretical methods including both ab Details of Calculations
initio and DFT techniques to describe structures and spectral
properties of H-bonded systems can now be critically evaluated.
In the present study, we have performed this evaluation for the
pyridine—H,O model system, which we have extensively studied
in the past. Another motivating factor for the present study has
been the recent demonstration that by modifying the DFT
functional one can markedly improve the quality of the
theoretical description of H-bonded complexes by the DFT
method?%2! The experimental matrix FT-IR spectrum of the
pyridine—H,O complex was assigned based on the ab initio
predicted energetic and spectral parameters of this sy3t€he
relative simplicity of the pyridineH,O complex has allowed

to perform both low- and high-level calculations including DFT
and post HartreeFock (MP2) calculations. Last but not least,
as we demonstrated, the properties of this complex are

intermediate in a larger series of model H-bonded systems, . . . .
d 4 The exchange functionals can be combined with different

including hydroxypyridines, rimidines, imidazoles, and - . ; :

benzimigazgleék%/gp}ll'he conclﬁz‘,’ions of the present analysis local or gradient-corrected correlation functionals. The notation

can therefore be extrapolated to all the systems in the series.Or'g-:"na"y propose_d by Pople and co-\_/vork’é isas been adopted
ere. In this notation, the XC symbol is used, where X denotes

Four main features have been used here to characterize th he exchange functional type and C denotes the correlation
H-bond interaction in the pyridineH,O complex as well as in functional type. For example, B-LYP denotes the Becke

other H-bonding systems. These features are the length of the : . .

N---O intermolecular distance, the increase of the OH bond exch_ange funct|onal combined with the L-e€éang—Parr cor-
relation functional.

T University of Leuven. Hybrid methods, which include a mixture of the HF exchange

* University of Arizona. functional with the DFT exchange correlation functional, are
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All calculations described in this paper were performed using
the GAUSSIAN 94 prograr® The DFT functionals used here
were separated into exchange and correlation parts. The
exchange functionals were those of Sl&tend Beckeé The
exchange Slater part, denoted by S, corresponds to the electron
gas, while the Becke part, denoted by B, contains a gradient
correction (nonlocal exchange). The correlation functionals are
based on the local density approximation and on approximations
based on the gradient corrections. The local density approxima-
tion is that proposed by Vosko, Wilk, and Nusair (VWSRiand
corresponds to the parametrization of the correlation energy of
the homogeneous electron gas. For the gradient-corrected
approximation, we have considered both the gradient-corrected
functional of Lee, Yang, and Parr (LYP}and the Perdew and
Wang gradient-corrected correlation functional (PW&R).
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also analyzed in this study. The two hybrid methods suggestedTABLE 1. Structural and Vibrational Properties for the
by Becké82%are used. In the first method equal contributions H20 Molecule Calculated with the 6-31+G** Basis Set
from both Hartree-Fock exchange and Slater exchat¥ge

r o V1 V2 V3
functionals are combined with the LYP correlation functional A) (deg) (g) (cm™®) (cm™) (cm)
to form the BH&H functional (BHH-LYP). The second g.ywN 0.9727 1059 2.24 3735 1524 3867
functional is the Becke3 functional where the exchange part S-LYP 0.9783 106.0 2.25 3684 1495 3817
consists of contributions from the Slater and HartrBeck B-VWN 0.9705 105.0 2.14 3702 1595 3824
exchange functionals and from Becke’s 1988 gradient correction B-LYP 09759 1050 216 3655 1567 3777
functional®® This functional is combined with the LYP and gg:g; 8:82?3 igg’.‘; 3:82 3383 iggé ggf;
PW89L1 correlations functionals. In this work, we also consider g3 | vpt 09609 105.1 1.96 3820 1639 3921

a modified functional which is obtained from the B3-LYP and B3(M)-LYP  0.9584 106.0 2.19 3897 1638 4017

B3-PW91 functionals according to the following expression: B3—PW91 0.9627 105.6 2.19 3845 1606 3971
B3(M)-PW91 0.9559 105.8 2.19 3936 1644 4059

_ pLsba exact _ —LSDA B88 NL BH&H 0.9533 106.5 221 3980 1652 4102

Exc = Bxc™ T ag(Bx BT+ axABC + aAke HF 0.9433 107.1 223 4146 1728 4269

. . . MP2 0.9633 105.4 228 3865 1619 4012
In this modification, the original Becke3 parameteas, @y, ac exptl 09572 10453 1.85% 383F 164F 394Z
= 0.20, 0.72, 0.81) are replaced by= 0.35,a, = 0.72, and 3657 1593 3756

3 = 0.81, as suggested by Latajka and co-workershis aReference 412 Reference 42 Reference 43 (harmonic frequen-

modified functional is denoted as_B_e_cke3(M). cies).? Reference 44 (anharmonic frequenciésjalculated with the
To compare the DFT and ab initio results, HF and MP2 g.31G* basis set! Calculated with the 6-31+G(2d,2p) basis set.

calculations were performed. In the calculations, the 6-8G** _ )
basis set was employed for the molecular orbital expansion. Two TABLE 2: Rotational Constants and Dipole Moment for the
other basis sets were also used in the B3-LYP calculations to PYridine Molecule Calculated with the 6-3t+G** Basis Set

determine the basis set dependency of the DFT results. By using A B C mean  u
a smaller 6-31G** basis set and comparing the results with the (MHz) ~ (MHz)  (MHz) deviation (D)
results obtained with the 6-3H-G** basis we were able to S-VWN 6059.732 5839.787 2973.864 23 2.39
estimate the importance of the diffuse functions. By using a S-LYP 6038.954 5825.290 2965.099 10 2.39
larger 6-31%+G(2d,2p) basis set with several additional B-VWN 5947.971  5714.901  2914.554 5 234
polarization functions, which were used before in studies of the E'SLE\'?P gggggg‘; ggg'g‘é gggi'égé ié %g‘;’
H,O—CO? (HF),,2 and (FHF) 2° complexes, we determined ypa i ' | '
2~ ! R =Y B3-LYP 6037.970 5806.191 2959.906 1 2.18
the importance of using more than one polarization function in 3-Lyp» 6076.444 5855.636 2981.999 37 2.30
the DFT calculations. B3(M)-LYP 6060.966 5839.870 2974.182 24 2.38

In calculating the interaction energy of the complex, we B3-PW91l ~ 6045.387 5816.394 2964.340 72 2.36
accounted for the basis set superposition error (BSSE) by B3(M)-PWO1 6084.192  5855.467  2983.819 40 2.37

. . . . BH&H 6115.2698 5900.6900 3003.0320 72 2.39
recalcul_atlng the monomer energies in t_he basis set of the 4 6132755 5917.601 3011629 86 240
heterodimer using the so-called counterpoise methét\WVith MP2 6015.468 5777.688 2947.091 18 246
these energies, the BSSE corrected interaction energy is therexptl 6039.244 5804.903 2959.220 2.15
calculated as (0.011y  (0.011y  (0.008y (0.05)

AE —E —E. —E 2 Calculated with the 6-31G** basis sétCalculated with the
A-B A-B A(B) B(A) 6-311++G(2d, 2p) basis set.Reference 45! Reference 46.

where Ea...5 is the energy of the dimeEa is the energy of the ., e noticed that enlarging of the basis set to 6+326(2d,
monomer A obtained with the extra ghost Gaussian functions 2p) improves the agreement with the experiment. TheoHH

placed at the positions of the nuclei of B in the dimer, &d 5516 "calculated using different functionals, is in good agree-
is the energy of the monomer B obtained with the extra ghost ment with both the experiment and the MP2 results.
Gaussian functions placed at the positions of the nuclei of Ain .o dipole moment is not very sensitive to the choice of the
the dimer. The interaction energy was corrected for the zero- ¢ nctional in the DFT method, but it is sensitive to the choice
point vibrational energy (ZPE) calculated using the harmonic ¢ ihe basis set. The value calculated with the 6-815(2d,

approximation and scaled with single scaling factors equal to 2p) basis set is close to the experimental value.
0.90 for HF, 0.95 for DFT, and 0.96 for MP2. The IR For the vibrational mOdes’l, Vo, and Vs, the observed

frequencies and intensities were computed analytically for HF ¢, 4amental (anharmonic) and the calculated harmonic frequen-
and DFT and numerically for MP2. cies are also listed in Table 1. As known, the HF method

overstimates vibrational frequencies, whereas the MP2 calcula-
tions are usually in a better agreement with the experimental

A. Monomer H>O. In Table 1, we present the structural and frequencies. The DFT values are too low compared to the
vibrational parameters for the monomei@imolecule obtained  experimental frequencies, though the results computed with the
with the DFT method. For the sake of comparison, the results B3-LYP and B3-PW91 functionals are in good agreement with
of the HF and MP2 calculations and the experimental results the MP2 and experimental vibrational values. Also, in this case
are also given. the results improve when the larger basis set is used.

The results in Table 1 indicate that the OH bond length ~ B. Monomer Pyridine. Structural PropertiesThe ground
predicted by the different DFT methods is too long by 6:01  state rotational constants and the dipole moment for pyridine
0.02 A in comparison with the experimental data or with those calculated with DFT methods are reported in Table 2. The
calculated at the MP2 level of theory. On the other hand, DFT experimentally determined rotational constants, as well as the
with the B3(M)-PW91 and BH&H functionals underestimates results of the HF and MP2 calculations, are also presented in
the OH bond length by 0.0013 and 0.0039 A, respectively. It the table for comparison. The first observation one makes is

Results and Discussions
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TABLE 3: Experimental (Ar Matrix) and Calculated Vibrational Properties of Pyridine

v (cm™) v(cm?) v (cm?) v (cm?) v (cm?) PED PED PED PED
exptl B3-PW9E B3-LYP® B3(M)-LYP¢ Mp2 PED? B3-PW91 B3-LYP B3(M)-LYP MP2
3059 3224 3210 3271 3282  ¥(CsH) 33 34 33 31

3047 3050 3042 3052 v(C4H) 30 31 28 31
v(CsH) 33 31 33 31
3039 3216 3202 3264 3274 v(CsH) 48 48 47 46
3039 3042 3036 3045 v(CgH) 48 46 47 46
3028 3200 3187 3248 3260 v(C4H) 68 66 67 60
3024 3028 3021 3032
2996 3179 3169 3233 3248 v(CeH) 45 52 40 40
3004 3011 3007 3021 v(CzH) 46 34 41 31
3008 3177 3168 3231 3247 v(CzH) 48 57 46 50
3002 3010 3005 3020 v(CeH) 48 38 47 41
1582 1646 1632 1671 1650 v(CCs) 23 23 22 23
1605 1591 1587 1601 v(CsCs) 23 23 22 23
1577 1641 1627 1664 1642 v(CsCy) 24 24 23 26
1600 1586 1581 1593 v(C4Cs) 13 23 23 26
1483 1518 1516 1553 1527 O(CzH) 20 21 20 24
1480 1478 1475 1481 0(CeH) 20 21 20 24
1441 1478 1475 1509 1493 0(C4H) 19 20 20 18
1441 1438 1434 1448 v(CoCs) 14 13 13 18
¥(CsC) 14 13 13 18
1363 1381 1386 1420 1398 o(CzH) 33 33 33 25
1346 1351 1349 1356 0(CeH) 33 33 33 25
1226 1329 1304 1304 1411 v(N1Cy) 27 27 26 20
1296 1271 1239 1369 v(CeNy) 27 27 26 20
1218 1247 1244 1271 1259 o(CzH) 23 21 21 20
1216 1213 1207 1221 0(CeH) 23 21 21 20
1146 1172 1172 1193 1193 o(C4H) 40 38 34 41
1143 1143 1133 1157 0(CsH) 20 20 18 21
8(CsH) 20 20 18 21
1073 1097 1094 1116 1104 0(CsH) 20 18 18 16
1070 1067 1060 1071 0(CsH) 20 18 18 16
¥(C4Cs) 13 13 13 16
»(CsCa) 13 13 13 16
1051 1084 1079 1101 1092 v(CoCs) 23 24 24 23
1057 1052 1046 1059 v(CsCs) 23 24 24 23
1031 1049 1046 1065 1052 ORr1 30 42 46 50
1023 1020 1012 1020 1(C4Cs) 18 17 16 14
f 1010 1011 1041 892 y(CaH) 56 56 57 37
988 991 999 892 y(CsH) 28 28 28
7(CsH) 28 28 28 36
7(CH)
991 1013 1011 1031 1013 Or1 59 43 39 36
983 986 979 983 Y(N1Cy) 12 14 14 17
947 1000 999 1030 889 y(CzH) 43 43 43 54
980 979 989 889  y(CeH) 43 42 43 54
g 958 958 986 867  y(C.H) 39 39 40
939 939 947 867 y(CeH) 39 39 40
7(CsH) 27 27 26 32
7(C4H) 32
7(CsH) 23
g 894 894 917 835  y(CsH) 40 40 40 55
876 876 880 835 y(CsH) 40 40 40 55
745 758 757 776 517 TR1 79 73 66 51
TR3 26
702 713 714 730 710 TR1 43 48 55
699 700 701 710 y(CsH) 16 15 13 20
7(CsH) 16 15 13 20
7(CiH) 12 11 10 33
659 665 668 681 664 ORr3 91 91 91 91
648 651 647 644
602 609 613 626 608 Or2 93 92 92 92
594 598 595 590
g 414 417 429 280 TR3 82 82 82 58
406 409 412 280 TR2 27 27 27 19
TR1 35
407 378 382 397 338 TR2 85 85 85 88
370 374 381 TR3 28 28 28 29

2 First row, unscaled value; second row, scaling factor 0.945/@H), 0.980 fory andz, and 0.975 for other vibrational modé<irst row,
unscaled value; second row, scaling factor 0.950/{tH), 0.980 fory andz, and 0.975 for other vibrational modéd=irst row, unscaled value;
second row, scaling factor 0.930 fe(XH), 0.960 fory andz, and 0.950 for other vibrational modésFirst row, unscaled value; second row,
scaling factor 0.930 for(XH), 1.000 fory andz, and 0.970 for other vibrational mode€Only PED contributions=15 are listed in the last four
colums.f Intensity too low to be observedIR inactive a mode.
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TABLE 4: Selected Intermolecular and Intramolecular Structural Data for the Equilibrium Complex Pyridine —H,02

R(N-0) r(OHp) Ar(OHy) r(OHy) —Ar(OHy) CoNiHyo N1H12013
S-VWN 2.66 1.0047 0.0320 0.9713 0.0014 140 155
S-LYP 2.60 1.0137 0.0354 0.9762 0.0021 143 148
B-VWN 3.01 0.9840 0.0135 0.9697 0.0008 122 179
B-LYP 2.92 0.9934 0.0175 0.9749 0.0010 121 177
B3-LYP 291 0.9807 0.0154 0.9644 0.0009 122 179
B3-LYP? 2.88 0.9765 0.0112 0.9651 0.0002 143 152
B3-LYP®° 291 0.9764 0.0155 0.9599 0.0010 121 177
B3(M)-LYP 2.96 0.9704 0.0120 0.9573 0.0011 122 179
B3-PW91 2.90 0.9794 0.0167 0.9619 0.0008 122 179
B3(M)-PW91 2.95 0.9689 0.0130 0.9550 0.0009 121 179
BH&H 291 0.9661 0.0128 0.9524 0.0009 122 179
HF 3.06 0.9507 0.0074 0.9425 0.0008 120 178
MP2 2.92 0.9771 0.0138 0.9629 0.0004 121 177

a2 Distances in angstroms; angles in degrees;, 3khe bond involved in the H-bond while Q4 the free bond? Calculated with the 6-31G**
basis set¢ Calculated with the 6-31t+G(2d, 2p) basis set.

that the MP2 results reproduce the experimental constants morehis work for the different theoretical methods and for different
accurately than the HF results. vibrational modes: for DFT(B3-LYP), 0.975 for all modes
To compare all the methods, we calculated the mean deviationexceptvxy andyg, tr modes where the scaling factors of 0.950
between the experimental and the calculated values. The mearand 0.980 were applied; for DFT(B3-PW91), 0.945 fog,
deviations for the predicted rotational constants are 23, 10, 75,0.980 forygr, 7r, and 0.975 for all other modes; for DFT(B3-
31,10, 24,7, 40, 72, 86, and 18 MHz for DFT with the S-VWN, (M)-LYP), 0.930 forvxy, 0.960 foryg, 7r, and 0.950 for all
S-LYP, B-VWN, B-LYP, B3-LYP, B3(M)-LYP, B3-PW91, B3- other modes; for MP2, 0.930 feky, 1.00 forygr, 7r, and 0.970
(M)-PW91, and BH&H functionals and for the HF and MP2, for all other modes.
respectively. These values indicate that the agreement between It can be seen that the scaling factors used for the DFT(B3-
the calculated and the experimental rotational constants de-PW91) method are very close to those in the DFT(B3-LYP)
creases in the following order: DFT(B3-PW91) (the best method while fonxy modes the scaling factor used for the DFT-
agreement)> DFT(B3-LYP)— DFT(S-LYP)— MP2— DFT- (B3(M)-LYP) method is equal to that of the MP2 method. When
(S-VWN) — DFT(B3(M)-LYP) — DFT(B-LYP) — DFT(B3- different scaling factors are used, the mean frequency deviation
(M)-PW91)— DFT(BH&H) — DFT(BVWN) — HF (the worth is 10 cn® for DFT(B3-LYP), 11.5 cmit for DFT(B3(M)-LYP),
agreement). DFT with the B3-PW91 functional gives slightly 13.4 cnt!for DFT(B3—PW91), and 29 cmt for the MP2 level
better results than DFT(B3-LYP) and MP2. The comparison of theory when the 6-3t+G** basis set is used in the
indicates that DFT(B3-PW91) and DFT(B3-LYP) are probably calculations. The mean frequency deviation obtained here with
the best functionals to calculate equilibrium structures of the the B3-LYP functional in the DFT method and with the MP2
heterocyclic bases including the nucleic acid bases. The DFT-method are very close to the results obtained for imidaZole.
(B3-PW91) and DFT(B3-LYP) optimized geometries are very It appears that the MP2/6-3HG** level of theory yields
close to the experimental results and to the MP2 calculated incorrect results for the two modes experimentally observed at
values. 1226 and 745 cmt. The calculated frequencies are about 143
The DFT(B3-LYP) rotational constants calculated with vari- cm~! too high and 228 cm too low, respectively. A similar
ous basis sets are similar, although the DFT(B3-LYP)/6-31G** effect has also been reported for similar modes commonly
results are slightly better than the others. The 6-31G** basis denoted as4 andvy4in benzené36and in phenof’” Handy et
set seems to be sufficient to predict structures and relatedal 3® have shown that the error in the mogdgecan be corrected
properties of larger monomeric molecules, but as we demon- by including f basis functions in the MP2 calculation. On the
strate next, to obtain reliable vibrational information for other hand, the DFT predictions for these modes are in good
H-bonded systems, additional diffuse functions in the basis setagreement with the experimental results. If these modes are
are necessary. excluded from the analysis, the mean deviation of the MP2
Vibrational PropertiesThe vibrational analysis of the pyri-  frequencies reduces to about 14 ¢m
dine experimental spectrum is summarized in Table 3 and The mean frequency deviation obtained with the DFT and
compared with predicted frequency values obtained with dif- the B3-LYP functional are 10, 10, and 8 chwith the 6-31G**,
ferent calculation methods (B3-PW91, B3-LYP, MP2 and B3- 6-31++G**, and 6-31H-+G(2d,2p) basis sets, respectively.
(M)-LYP). Clearly, the use of a larger basis set leads to slightly better results
In our earlier report! all the modes calculated at the HF in this case.
level of theory were scaled down by the single scaling factor C. Complex Pyridine—H,O. Structural PropertiesTable 4
of 0.90 to approximately correct for the anharmonicity of the presents the computed selected intermolecular and intramolecu-
vibrations and for overstimation of the force constants by the lar structural data for the pyridireH,O complex.
HF method. The mean deviation between the experimental The MP2 calculated H-bond distance:(MD) is 2.92 A. This
frequencies (accuracy 1 cf) and ab initio frequencies after  distance is shorter than that obtained at the RHF level (3.06
scaling was 18.1 crt. A single scaling factor for correlated  A), indicating the importance of the correlation effects. The N
methods does not take into account that the anharmonicity --O intermolecular distance calculated with the S-VWN and
contributions are not uniform over the whole range of the S-LYP functionals in DFT is largely underestimated by about
vibrational modes. The use of different scaling factors for 0.3 A in comparison to the MP2 result, while DFT with the
frequencies belonging to different types of vibrational modes B-VWN functional overestimates this value by 0.09 A. This
has been proposed by several autd8#s$-34 Following this situation is similar as for the simple hydrogen-bonded complexes
approach, the following different scaling factors were used in (H,O),” and (HF}.2 DFT with the nonlocal B-LYP functional
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TABLE 5: Total Energy (au) and Interaction Energy (kJ/mol) for the Pyridine —H,O Complex

H.0 pyridine pyridine-H.O AE AE + BSSE AE#
S-VWN —76.0662283 —246.8919556 —322.9788175 —54.17 —52.71 —46.27
S-LYP —75.5502056 —244.7812704 —320.3573355 —67.89 —66.32 —58.74
B-VWN —76.933447 —250.3181946 —327.2596524 —21.03 —19.54 —12.80
B-LYP —76.4162291 —248.2014366 —324.5502635 —28.04 —26.56 —19.58
B3-LYP —76.4341236 —248.3034434 —324.7486828 —29.18 —27.75 —20.58
B3-LYPP —76.4197365 —248.2926016 —324.725458 —34.45 —22.00 —13.31
B3-LYP® —76.4627964 —248.3641133 —324.837053 —26.63 —26.02 —18.79
B3(M)-LYP —76.5570327 —248.8034468 —325.3703370 —25.88 —24.30 —16.94
B3-PW91 —76.4046866 —248.2038626 —324.618903 —27.18 —25.61 —18.50
B3(M)-PW91 —76.5280260 —248.7046034 —325.2417136 —23.85 —22.14 —15.08
BH&H —76.3910509 —248.1478334 —324.5502635 —29.88 —28.23 —19.51
HF —76.0313091 —246.7123953 —322.7523520 —22.73 —21.05 —14.48
MP2 —76.2333759 —247.5374741 —323.7834202 —33.00 —26.32 —18.92

aAE. = AE + BSSE+ AZPE, with ZPE calculated as 0.95%wi/2, 0.9¢ hvi/2, 0.96 hvi/2 for DFT, HF, and MP2, respectively;(are the
frequencies)? Calculated with the 6-31G** basis sétCalculated with the 6-3t+G(2d, 2p) basis set.

SCHEME 1: Structure of the Pyridine —H,O Complex TABLE 6: Harmonic Vibrational Frequencies (v., cm™1)
013 a1 and Frequency Differences Av = v — vy)? for the
/\ Fundamental Vibrations of H,O in the Complex with
@% ) g\ﬁ Pyridine Calculated with the 6-314++G** Basis Set
H14 m}\) M. ce V1 Avy Va2 Av, V3 Avs
H12 7 : H10 S-VWN 3181 —554 1569 +45 3820 —47
wL o N / S-LYP 3090 -594 1556 +61 3778 —39
, ? Y M B-VWN 3480 —222 1628 +33 3779 —45
R ‘é@ B-LYP 3359 —296 1598 +31 3732 —45
C5 B3-LYP 3538 —267 1638 +37 3881 —46
B3-LYP® 3631 —169 1694 +28 3865 —47
G2 c4 B3-LYP¢ 3542 -278 1669 +30 3884 —37

% B3(M)-LYP 3693 —204 1675 +37 3976 —41

7 ' “\\.
2 v
/(/m/\ \/@ B3-PW91 3554 —291 1644 +38 3921 —50
A B3(M)-PW91 3715 —221 1681 +37 4015 —44
HI

H7 ?/{// Y, BH&H 3758 —222 1691 +39 4058 —44
c3 ] HF 4038 —108 1766 +38 4232 —37
MP2 3635 —230 1664 +45 3954 58
exptP 3400 —271 1616 +26 3701 —36
H8 3y, denotes the complex frequency, andthe monomer frequency.
b Experimental anharmonic frequencies from ref 4Calculated with
and with all the hybrid functionals predicts the+MD intermo- the 6-31G** basis set Calculated with the 6-31+G(2d, 2p) basis
lecular distance in good agreement with the MP2 value. set.

Using a larger basis set in DFT calculations with different ) ) ) )
functionals does not noticeably alter the-M intermolecular functional understimates this energy. These results agree with

distance in comparison to the results obtained with the the results thained for simple hydrogen-bonded systems by Sim
6-31-++G** basis. However, using the 6-31G** basis without et al.; Latajka et al3 Hobza et al*® and Novoa et al.
diffuse functions leads to a shorter--ND intermolecular The interaction energy obtained with the nonlocal B-LYP
distance. functional is—28.04 kJ/mol compared t633 kJ/mol obtained
The second interesting structural feature is the elongation of at the MP2 level. The agreement between DFT(B-LYP) and
the OH bond upon formation of the H-bonded complex. As a MP2 is much better when the basis set superposition error
matter of fact, this parameter is the key factor affecting the (BSSE) correction is taken into account. This correction is 1.48
predicted infrared properties of hydrogen-bonded complexes. kd/mol for the DFT method with the B-LYP functional, which
The OH bond elongation is sensitive to the type of functional is similar to the corrections obtained at the HF level and those
used in the DFT method and it is usually larger than calculated obtained with DFT with other functionals but substantially
at the MP2 level. The values calculated with DFT(BH&H), smaller than the value 6.7 kd/mol obtained at the MP2 level.
DFT(B-VWN), and DFT (B3(M)) are the closest to the results This amount of correction is consistent with the results obtained
obtained in the MP2 calculations. by Xantheas et & The BSSE correction of the DFT functionals
The NiH120;3 angle (Scheme 1) computed with most of the for the 6-3H+G** basis set is practically constant and
DFT functionals considered here, except for the S-VWN and oscillates between 1.43 for DFT(B3-LYP) and 1.71 kJ/mol for
S-LYP functionals, is in good agreement with the MP2 result. DFT(B3(M)-LYP). These results confirm the results obtained
The situation is similar for the £l;H;, angle. by Novoa et af. The BSSE corrected values for the interaction
Interaction Energy.The interaction energyAE, for the energy are-26.56 and—-26.32 kJ/mol at the DFT(B-LYP) and
complex AE = Ecomplex — EH,0 — ppyridine) cajculated using 13 MP2 levels, respectively. Using standard hybrid functionals, the
different methods is presented in Table 5. Corrections for the BSSE corrected interaction energy ranges frog5.61 kJ/mol
basis set superposition error (BSSE) and for the zero-point (DFT(B3-PW91)) to —28.23 kJ/mol (DFT(BH&H)). These
vibrational energy are also given. values are in good agreement with the MP2 result. On the other
It can be seen that the interaction energy calculated with the hand, the BSSE corrected energy interaction energy obtained
DFT(S-VWN) method is much larger than that obtained with with DFT and the modified hybrid functional is below the value
the MP2 method. On the other hand, DFT with the B-VWN of MP2.
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TABLE 7: Experimental (Ar Matrix) and Vibrational Properties of Pyridine —H,0

v(cm) v (cm?) v(cm?) v (cm?) v(cm?) PED PED PED PED
exptl B3-PWOE B3-LYP® B3(M)-LYP¢ mMp2 PED? B3-PW91  B3-LYP B3(M)-LYP MP2
3701 3922 3881 3976 3954 v/(OH) 82 81 76 74
3706 3687 3698 3677 v°(OH) 19 19 24 26
3400 3554 3538 3693 3635 v°(OH) 81 81 24 74
3359 3361 3435 3381 v/(OH) 19 19 76 26
1616 1644 1638 1675 1664 0 (HOH) 59 80 87 87
1603 1597 1591
575 748 739 710 736 O0(OH-+*N) 97 97 90 97
729 720 714
f 370 364 354 365 y(OH-+*N) 38 48 64 85
363 357 340 365 oop butterfly 28 24 16
f 147 148 139 151 v(OH:-+-N) 96 96 97 96
143 144 132 146
f 105 109 106 106 7(OH-**N) 97 98 98 98
103 107 102 106
f 44 43 42 36 oop butterfly 103 104 104 103
43 42 40 36
f 27 26 26 8 ip butterfly 98 98 98 99
26 25 25 8
3060¢+1)  3227(+3) 3215(+5) 3275(+4) 3286(+4) v(CsH) 35 34 34 33
3050 3054 3046 3056 v(C4H) 25 25 24 28
v(CsH) 35 35 35 33
3041¢-2)  3221(+5) 3209¢+7) 3269(t5) 3279¢+5) v(CsH) 47 46 45 45
3044 3049 3040 3049 v(CsH) 47 47 46 45
3031¢+3)  3204(+4) 3193(+6) 3252(t+4) 3264(+4) v(C4H) 69 67 65 60
3012¢+4)  3191¢-12)  3181(-12) 3242(-9) 3254(+6) v(CeH) 62 61 72 51
3015 3022 3015 3026 v(CoH) 19 16 40
g 3190¢-13)  3180(¢-12) 3241(-10) 3253(+6) v(CoH) 69 69 79 38
3015 3021 3014 3025 v(CeH) 25 23 27
1589¢+7)  1653(t+7) 1640(+8) 1677(+6) 1658(+8) 1(CoCs) 23 21 22 23
1612 1599 1593 1608 v(CsCo) 23 21 22 23
1577¢-0)  1643(t+2) 1628(t+1) 1665¢+1) 1643(t+1) 1(CsCa) 15 24 23 26
1602 1587 1582 1594 V(C4Cs) 17 23 23 26
1484¢1)  1521(t+3) 1519(¢+3) 1556(+3) 1530(+3) O(CzH) 19 20 20 23
1483 1481 1478 1483 0(CeH) 19 20 20 23
1443(+2)  1481(t3) 1479¢+4) 1512¢+3) 1497(t+4) 0(CsH) 19 20 20 17
1444 1442 1436 1452 v(CoCs) 15 14 13 19
»(CsCe) 15 14 13 19
g 1382(+1) 1387(t+1) 1421¢+1) 1399(¢+1) O(CzH) 32 33 33 28
1347 1352 1350 1357 0(CeH) 32 33 33 28
1227¢-1)  1335(t6) 1309(+5) 1308(+4) 1417(+6) v(N1Cp) 27 28 26 23
1302 1276 1243 1374 v(CeN1) 27 27 26 23
g 1246¢-1) 1244(+0) 1272¢+1) 1258(¢-1) O(CzH) 23 22 21 20
1215 1213 1208 1220 0(CeH) 23 22 21 20
1146(4-0)  1175@-3) 1175¢-3) 1196¢-3) 1196¢-3) 8(C4H) 39 38 34 40
1146 1146 1136 1220 0(CsH) 20 20 18 21
S(CsH) 20 20 18 21
1071(2)  1098(-1) 1094¢-0) 1117¢-1) 1104¢-0) 8(CsH) 19 18 17 16
1071 1067 1061 1071 0(CsH) 20 18 18 16
1053¢+2)  1090¢-6) 1085(+6) 1106(+5) 1098(+6) 1(C2Cs) 23 23 24 23
1063 1058 1051 1065 1(CsCo) 23 23 24 23
1033(+2)  1049(t+0) 1046(+0) 1066(+1) 1051¢1) Or1 32 51 56 59
1023 1020 1013 1019 1(C4Cs) 18 15 13 12
v(CsCa) 18 15 13 12
g 1012(t+2) 1013(+2) 1042¢+1) 897(+5) y(CaH) 60 60 60 48
992 992 1000 897 y(CsH) 27 27 27
y(CsH) 28 27 27
y(CeH) 38
y(CzH) 24
1000¢+9)  1023(+10)  1021¢-10) 1040(¢-9) 1024(+11)  Ora 58 36 31 29
997 995 988 993 v(N1Cp) 10 14 14 16
1000(+0) 999(+0) 1030¢+0) 895(+6) y(CzH) 41 41 41 61
980 979 989 895 y(CeH) 42 42 42 47
g 961(+3) 961(+3) 989(+3) 872(+5) y(CzH) 41 41 41 10
942 942 949 872 y(CeH) 40 40 40
7(CaH) 23 23 23 22
y(CsH) 24
y(CsH) 24
g 895¢+1) 895¢+1) 918¢+1) 847(+12)  y(CsH) 39 39 39 54
877 877 881 847 y(CsH) 39 39 39 54
749(+4) 759(+1) 758(+1) 778(+2) 518(+1) TR1 65 60 55 51
744 743 747 518
699(-3) 712(-1) 712(-3) 728(-2) 715(-5) TR1 56 60 65
698 695 699 715 y(CsH) 13 12 10 20

»(CsH) 13 12 11 20
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TABLE 7: (Continued)

v (cm?) v (cm™) v(cm?) v (cm?) v(cm?) PED PED PED
exptl B3-PW9E B3-LYP® B3(M)-LYP¢ mMp PED? B3-PW91 B3-LYP B3(M)-LYP PED
g 662(-3) 664(-4) 676(5) 661¢-3) Ors 90 89 82 90
645 647 642 641
611(+9) 621(-12) 625(-12) 636(-10) 620(-12)  Ore 90 89 90 90
597 609 604 601
g 427(-13) 428(-11) 436(-7) 289(-9) Trs 61 66 73 59
418 419 419 289 TR2 20 22 24 20
417(+10) 383¢-5) 387(4-5) 400¢-3) 346(-8) Tro 87 86 86 88
375 379 384 346 TR3 26 27 28 30

2 Scaling factor 0.945 for(XH), 0.980 fory andz, and 0.975 for other vibrational modésScaling factor 0.950 for(XH), 0.980 fory andz,
and 0.975 for other vibrational modesScaling factor 0.930 for(XH), 0.960 fory andz, and 0.950 for other vibrational mode&sScaling factor
0.930 forv(XH), 1.000 fory andz, and 0.970 for other vibrational mode<Only contributions>15 are listedy’(OH) and»"(OH) indicate the
mode of the free OH and of the bonded OH group, respectiV&ijuated below studied regior400 cn1?). ¢ Intensity too low to be observed.

When the ZPE correction is taken into account, the best agreement with the experimental result. The shiit;, is
agreement between the DFT and MP2 interaction energies iscorrectly predicted at all calculation levels, except for the DFT-
found for the DFT(B3-PW91) method. However, the results (S-VWN) and HF levels. It should be mentioned that the
computed with DFT(B-LYP) and all other hybrid functionals frequency shift predicted by DFT(B3(M)-PW91)221 cnt?)
are also in good agreement with those obtained at the MP2 levelis also in good agreement with the MP2 predicted vati230
of theory. cm™D).

We also compare in Table 5 the DFT(B3-LYP) interaction e frequency shift predicted at the DFT(B3-LYP)/6-31G**
energies obtained with different basis sets to determine the basigg, g (—169 cnt) is considerably different from the experi-
set dependence of the result. One notices that the BSSEanig|value, which demonstrates that diffuse orbitals are needed
correction is larger for the smaller basis sets which agrees With i the basis set to generate reliable vibrational frequency shifts
the results of Novoa et al.and of Hobza et & The corrections ¢, 1y bonded systems. The frequency shift computed at the
are 0.61, 1.43, and 12.45 kJ/mol with 6-31£G(2d, 2p).  pET(R3-LYP) level with 6-313+G(2d, 2p) (278 cmY)
6-31++G**, and 6-31G* basis sets, respectively. agrees well with the value calculated using the 6-315**

u\éfcriaet'sogg:cs{;[zsz'grs;h?n 'mrear:grfﬁl;fra\r/ébrigggﬁlt;aei'n basis set. This comparison indicates that additional polarization
q P P functions are not needed to reliably reproduce vibrational

Table 6. The frequency shiftg\v, for the three HO modes .

with respect to free water are also given. properue_s of _H-bonded complexeg. .
For the asymmetricg) and symmetricify) stretching modes, The w_bratlonal mod_es of _pyr|d|ne groups not dlr_ectly

the comparison between the computed and experimental valuednvolved in the H-bond interaction (Tables 7) are only slightly

is not straightforward, because theses modes have large anhaR€rturbed in the complex. This can be understood because most

monicity contributions. As noted in Table 1, the anharmonicity ©Of these modes involve several pyridine bonds and only small

correction forv, is —175 cnt?, which amounts ta-5% of its changes occur in the pyridine geometry on H-bond formation.
frequency value. As documented theandv, anharmonicities For these modes, the four theoretical methods considered here
increase in the H-bonded comple>@4° yield very similar qualitative predictions.

The symmetric HO stretching ¢1) is directly affected by
the H-bond interaction in the complex. The calculated frequency Conclusions
of this mode at the HF level is largely overstimated, while DFT
with the S-VWN and S-LYP functionals underestimates its ~ The following conclusions emerge from this study.
frequency. The frequency calculated with DFT(B-LYP) (3359  The agreement between the calculated and experimental
cm™1) is very close to the experimental value (34007¢m rotational constants for monomeric pyridine increases in the
However, when the anharmonicity correction is taken into order DFT(B3-PW91)— DFT(B3-LYP) — MP2. This com-
account, the calculated frequency decreases and becomes smallgarison allows to conclude that DFT with the B3-PW91 and
than the experimental value. DFT with all the hybrid functionals B3-LYP functionals are the best methods to study monomeric
yields larger computed frequencies by at least 4% in comparisonnycleic acid bases.
with the experimental result. The harmonic frequency computed 1o S.\/\WN and S-LYP DFT functionals are unreliable to

with MPZ is also larger by 6.5% in comparison with the tudy hydrogen-bonded systems. B-LYP/6+31G** calcula-
E/lxé’ze r!m(fantal dv?luethThe b(je_?t Zgéeger'\r)lerlith:t]\c/vee? thel D_FJ aNGions yield reliable interaction energies and intermolecular
situatilsn ?Snsimitljz;r foer rt?fé :sllseymme(tri(): stretcﬁinncglﬁgd.e. Tehe distances, but they provide an incorrect frequgncy shift for the
frequency calculated with DET(B3(M)-LYP) (3976 c#) is V1 H,O mode affected by_the H-bond. Thfe hybrid DFT_methoc_js
very close to the MP2 result (3954 ci. One also notices yield good results fo_r the_lntermolecular_dlsta_mces,Fhe interaction
that the frequency; computed with DFT(B3-LYP)/6-31+G- energies, ar}d the v!bra.tlonal freqyenmgs directly mflu'enced.by
(2d, 2p) (3542 cm) is very close to the value obtained with the H-bond interaction in comparison with those obtained with
DF']’(B3-LYP)/6-3H+G**. the MP2 method and with the experimental data.

The most important spectral feature, reflecting the formation ~ Our analysis demonstrates that the 6F31G** basis set is
of the H-bond, is the frequency shift in the® modes. Here sufficient to reliably predict vibrational properties for hydrogen-
we limit the discussion to the frequency shift of themode bonded systems.
(see Table 6). The experimental frequency shift for this mode  The hybrid DFT functionals seem very promising for studying
is —271 cntl. The value obtained using DFT with the B3- larger, biologically relevant systems where the MP2 method
LYP/6-31++G** functional (—267 cnt?l) is in excellent cannot be applied due to a prohibitive computational cost.
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