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The H-bond interaction of the cytosine model compound 2-hydroxypyridine and its tautomer 2-oxopyridine
with HCl is investigated using the combined matrix-isolation FT-IR and theoretical density functional and ab
initio methods. The theoretical calculations have been carried out at the B3-LYR/63% and RHF/6-
31++G** levels of theory. Different types of hydrogen-bonding have been found: two closed complexes of
the proton transfer type, each containing two hydrogen bonds, ife;H\N-Cl=--*H—0 and G=0O*—
H---Cl~---H—N; two open complexes of intermediate strengtkr,-N- -Cl and C=0---H- -Cl; and one weak
complex, H-O---H—CI. The theoretical results indicate that the closed H-bonded complexes are the most
stable systems for both the hydroxy and the oxo tautomers. The increased stability of these complexes is due
to a cooperative H-bonding effect. The experimental spectra are consistent with this prediction, but the weaker
complexes are also identified. A comparison of the experimental and calculated IR frequencies demonstrates

that the frequency shifts of the vibrational modes directly involved in the H-bond interactions, especially the
X—H stretching modes, are better predicted by the DFT method than by the RHF method. For the other
vibrational modes not directly involved in the H-bonds, the RHF methodology has a similar accuracy compared

to the DFT method.

1. Introduction

The hydrogen halides HF and HCI have been widely used in
experimental studies of H-bonded complexes isolated in low-
temperature inert matricés® Large series of complexes with
bases varying from extremely weak (e.g.; With a proton
affinity (PA) value of 503 kdmol™1) to very strong (e.g.,
trimethylaminoxide with PA 999 kanol™1).5 The so-called
correlation diagrarrelates the relative frequency shiftv-
(X—=H)/v°(X—H) of the H-X modevs with the normalized PA
difference between the base and the anion Mhich has
allowed a classification of H-bonds into different types: type |
or “normal” H-bonds B--H—X characterized byAvdv¢° values
of less than 20%; type Il or “symmetrical’ H-bonds-BH---X
with a more or less perfect proton sharing betweenaxid B,
with Avdvs® values as large as 80%; and finally type Il or
“proton-transfer” H-bonds BH*-+-X~ corresponding to an ion
pair where the proton donor modg is replaced by thegy™
mode of the proton-transfer species. Type | H-bonds are weak
or moderate hydrogen bonds, while types Il and IIl are strong
hydrogen bonds. Type Il H-bonds are formed when the proton
is shared by two strong bases such as in theHFF]~ ion. It

should be mentioned that these strong hydrogen bonds play an

important role in enzyme catalysisyhereas the proton-transfer
process is of huge importance in biol8gnd zeolite chemis-
try. 1011 For example, the spectral identification of the ion pair
and neutral hydrogen bonds involving pyridine is important for
the elucidation of the mechanisms of zeolite catalysis.

In our formerly published results for complexes of different
bases with HCI in Ar matrice®;14the complexes appeared to
be of type Il and intermediate type+ Il. Furthermore, it was
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observed that these systems give rise to proton transfer at higher
HCI concentration or after the matrix samples are annealed.

In the series of continuing experimental and theoretical
investigations of tautomeric and H-bonding properties (with
H,0) of nucleic acid bases and some model molecties,we
have also studied the H-bond interaction of the prototropic
compound 2-hydroxypyridine (hydroxy oxo, denoted as 2HP
= 20P¥426 (theoretical PA 915 and 898 #iol™1, respec-
tively),2” with HCI in Ar matrices. Our interest in these
complexes originates from the latter PA values which suggest
that different types or intermediate types of complexes might
occur.

Because we have demonstrated in earlier repof%that
coupling of matrix-isolation FT-IR spectrometry to ab initio
computational methods is one of the most suitable approaches
for evaluating intrinsic tautomeric and H-bonding characteristics
of polyfunctional bases, we have applied the same approach to
the hydrogen-bonding between the tautomers 2HP/20P and HCI.
However, in a further stage we have compared the results of
the DFT/B3-LYP/6-3%#+G** study with those obtained from
the RHF/6-3#+G** method and with the matrix FT-IR
experimental results. Five different complexes have been
identified from the FT-IR spectra supported by the theoreti-
cal calculations: two closed complexes of type I,
N*—H---Cl=---H—0 and G=0"—H---Cl~--*H—N; two open
complexes of intermediate type + Il, N---H--Cl and
C=0:---H- -Cl; and finally one weak complex of type I,
H—O---H—CI. The optimized geometries of these five com-
plexes are shown in Chart 1.

2. Methodology

2.1. Experimental Method. The solid compound 2HP (97%)
was purchased from ACROS, while the employed gases Ar
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CHART 1: Five Possible H-Bonded Complexes of HCI with 2HP/20P Considered in This Work
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(99.9999%) and HCI (99.5%) were obtained from UCAR. The point vibrational energy calculated by the DFT method with a
FT-IR instrument (Bruker IFS 88) and the low-temperature single scaling factor of 0.970. The IR frequencies and intensities
matrix-isolation equipment have been described in previous were computed at the RHF and DFT levels of theory using
papers®2% The optimal temperature for sublimation of 2HP analytical derivative procedures implemented in the Gaussian
under ideal conditions in the minifurnace, installed in the 94 progran®*
cryostat, is 288 K. The HCI/Ar ratio was varied between 1/200  Finally, potential energy distributions (PEDs) are calculated
and 1/100, and during the annealing experiments the temperatureind the predicted IR frequencies are scaled to account for
of the matrix was raised to 3539 K for 5-10 min. various systematic errors in the theoretical approach. Two

2.2. Theoretical Method.In our recent study of the model  scaling procedures are applied: either all frequencies are scaled
H-bonded complex pyridinewater, we have compared the with a uniform scaling factor 0.900 (RHF), or scaling is
predictive abilities of different density functional methods in  performed with a set of different scaling factors (reflecting the
reproducing the experimental matrix IR resdftdhe purpose  difference in anharmonicity) depending on the different types
of that investigation was to select the most effective functional of vibrational modes (DFT), i.e., 0.950 fa(XH), 0.980 for
for future DFT studies on H-bonded complexes of nucleic acid the out-of-plane modes, and 0.975 for all other modes. The use
bases. As expected, the study demonstrated that the shift of theyf different scaling factors for frequencies belonging to different
OH stretching frequency of the proton donor molecule is much types of vibrational modes seems immanent in this case, and it
better predicted with the B3-LYP functiofd&Pf2 when diffuse has already been proposed by several other authioisThe
functions are added to the basis set. Therefore, the lattermechanical anharmonicity of theic stretching mode of the
functional is selected for this study of 2-hydroxypyridine/2- complexes as well as of the free molecule has been calculated
oxopyridine complexed with HCI. To compare the DFT calcula- by the variational metho#f:40
tions withab initio methods, the RHF method was also used in
the present study.

For the molecular orbital expansion we have used the
6-31++G** basis set. The choice of this basis set is based on  3.1. Energetic and Structural Properties.Five equilibrium
the consideration that to obtain reliable properties for hydrogen- structures have been found on the 2HP/2®FI energy surface
bonded systems, it is essential to employ basis sets that posseg€hart 1). The calculated interaction energies and binding
sufficient diffuseness and angular flexibili#y This basis set is enthalpies 80 K are listed in Table 1. The interaction energies
sufficient to predict reliable vibrational properties for hydrogen- calculated using B3-LYP/6-31+G** are —60.1 and—58.2
bonded systems, as was demonstrated in ref 30. kJmol~1 for the N—H:Cl=--*H—0O and G=Ot—

The computed total energy for each system includes the zero-H---Cl~---H—N complexes, respectively. These values manifest

3. Results and Discussion
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TABLE 1: Total Energies (au), Interaction Energies (kJ-mol~1), Binding Enthalpies (kJ-mol~1), and Dipole Moments (D)
Calculated Using B3-LYP/6-31+G** for Complexes of 2-Hydroxypyridine and 2-Oxopyridine with HCI

2-hydroxypyridine complexes 2-oxopyridine complexes
N*—H:+-Cl~+--H—0 N-++H- -Cl H—O---H—ClI CO*—H---Cl=---H—N C=0-++H- -CI

E —784.3699629 —784.3529671 —784.3544700 —784.3699622 —784.3630504
ZPE 0.1020139 0.0990322 0.0989885 0.1020023 0.0997946
Er —784.2679490 —784.2539350 —784.2554815 —784.2679599 —784.2632558
interaction energy —60.1 —38.9 —-19.4 —58.2 —-40.1

AZPE 13.1 6.2 5.0 12.5 6.7

Binding enthalpy at 0 K —47.0 —-32.7 —-14.4 —45.7 —-33.4

u (D) 9.70 7.47 3.56 9.69 8.27

a AZPE = ZPE(complex)— [ZPE(HCI) + ZPE(hydroxy/oxo)].

TABLE 2: Selected Structural Properties (A) for Complexes of 2-Hydroxypyridine/2-Oxopyridine with HCI

N*—H-+-Cl-+H—0  H—0-+-H—Cl N-++H- -Cl C=0*—H-+-Cl-+*H—N  C=0-+-H- -Cl

RIN-Cl) orR(O—Cl2  DFT 2.94 3.23 3.06 2.89 2.99

RHF 3.00 3.38 3.32 3.00 3.19
Mol DFT 1.958 (0.677) 1.301 (0.020) 1.346 (0.065) 1.887 (0.606) 1.339 (0.058)

RHF 2.047 (0.781) 1.273(0.007) 1.285 (0.019) 2.067 (0.801) 1.284(0.018)
reo DFT 1.305 (-0.051) 1.368(0.01) 1.35540.002) 1.305 (0.073) 1.284 (0.016)

RHF 1.288 (-0.047) 1.344 (0.009)  1.336 (0.001) 1.288 (0.082) 1.215 (0.009)
Fou DFT 1.040 (0.069) 0.971 (0.000)  0.9670.004)

RHF 0.980 (0.033) 0.948 (0.001)  0.943<0.004)
I DFT 1.068 (0.055) 1.014 (0.001)

RHF 1.031 (0.031) 0.997 (-0.003)

aR(N—CI) or R(O—CI) represent the intermolecular distances between N and Cl and between O and CI.

the presence of strong H-bonding in both complexes. The Chart 1 demonstrates that proton transfer occurs frenCH
calculation of binding enthalpies is interesting since it often to the 2-hydroxypyridine and 2-oxopyridine, resulting in a
allows a direct comparison with experimental values. The 2-hydroxypyridinium chloride complex, +-H---Cl=+--H—0,
binding enthalpies ta0 K of the Nf—H:--Cl~:--H—O and and a 2-oxopyridinium chloride complex, =Dt—
C=0*—H---Cl~+-*H—N complexes are—47.0 and —45.7 H---Cl~---H—N. For the first complex, DFT predicts a bond
kJ'mol~1. These values are larger than those for the correspond-lengthry+—y of 1.07 A (not included in Table 2), which is very
ing H-bonded complexes containing only a single H-bond close to the bond length in the phenoxymidazolium complex
N-++H- -Cl (—32.7 kdmol™) or C=0-++H- -Cl (—33.4 kdmol™). (rnt—n = 1.06 A)43 For theses complexes, the increase of the
Last, a much weaker complex is the operr®---H—CI system OH and NH distances is very large, while large dipole moments
(—14.4 kImol™1). The difference in the binding enthalpy of are also predicted for these strong complexes. The former effect
singly and doubly H-bonded complexes indicates that H-bond obviously results from the presence of the two H-bonds in a
cooperativity occurs between the two H-bonds in the closed closed H-bonded structure.
complexes. This effect has also been observed for pyriclone 3.2. Experimental Results.2-Hydroxypyridine occurs as a
H,0,*1 2-hydroxypyrimidine-H,0,22 and 2-hydroxypyridine tautomeric mixture hydroxy/oxo in Ar matices, with a tautomer-
H,0.42 The interaction energy values obtained here suggest thatization constankr(oxo/hydroxy) varying from 0.36 to 0.48:26
all five complexes are stable enough to be identified from the As a matter of fact, the IR spectrum of the matrix-isolated
matrix FT-IR spectra. As is also shown in Table 1, the dipole compound is rather complicated as it exhibits intensg vnu,
moment values increase parallel to the binding enthalpy valuesand vc—o absorptions, as well as a very rich fingerprint
of the complexes. pattern?426 A further complication with this compound is that
In Table 2 we have collected selected structural properties the vicinal position of the two H-bonding sensitive groups, OH
for the five complexes calculated with DFT and RHF methods. and N for the hydroxy form and-€0 and NH for the oxo form,
First of all, the DFT/B3-LYP calculated intermolecular distances allows the formation of closed H-bonded structures with HCI.
R(N—CI) or R(O—Cl) are, for each system, shorter than those For the experimental analysis, three regions of the IR spectra
obtained at the RHF level. The difference between these two of 2HP < 20P/Ar/HCI are selected. In the region 180400
prediction levels must be attributed to correlation effects, which cm™t illustrated in Figure 1, two new IR absorptions are
are effectively accounted for only by the DFT method. However, observed at 1620 cré (very broad and superimposed upon the
the dispersion energy is not included in the DFT method, and »(C=0) Fermi pattern) and 1400 crh (more or less broad).
the intermolecular distance is related to this part of the energy. These bands can be interpreted as the shifted HCI stretching
If one takes this energy into account, this distance will decrease.modes in the &0O---H- -Cl and N---H- -Cl complexes, respec-
One of the most interesting structural quantities is the prolonga- tively. The location of these typicak bands suggests H-bonds
tion of the X—H bond, since this elongation is the key for a of the intermediate 1+ Il type, which is similar to the results
reliable interpretation (XH frequency shifts) in the infrared  earlier obtained for the uracil/HCI/Ar systethl3 A further
vibrational spectra of the hydrogen-bonded complexes. The argument in favor of this assignment is the proton affinity value
prolongation of the %-H bond in each complex, calculated with  of the 20P tautomer (898 ¥@ol~1), which is close to the proton
RHF (underlined in Table 2 for the complexes under consid- affinity of uracil (870 kdmol~1). Other characteristic bands for
eration), is considerably smaller than the value obtained with the CG=0---H- -Cl complex are the decrease of th¢C=O0)
the DFT/B3-LYP functional. This result suggests thatithey mode (46 cnt?), the increase of the out-of-plangC=0)
frequency shift calculated with RHF would be smaller than that mode @14 cnt?), and the frequency decrease of th@&H)
obtained with the DFT method. mode by 14 cml. In the case of the N-H--Cl complex,
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Figure 1. Matrix FT-IR spectrum (1808400 cnt?) of 2-hydroxy-
pyridine < 2-oxopyridine/Ar (A) and 2-hydroxypyridine= 2-oxo-
pyridine/HCI/Ar (HCI:Ar = 1:100) (B) [1, complex N—H::-Cl~+--H—O;
2, G=0*t—H---Cl=--*H—N; 3, N:--H--Cl; 4, C=0---H- -Cl; 5, H—
O---H—ClI].
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Figure 2. Matrix FT-IR spectrum (30062000 cnt?) of 2-hydroxy-
pyridine < 2-oxopyridine/Ar (A) and 2-hydroxypyridine= 2-oxo-
pyridine/HCI/Ar (HCI:Ar = 100) (B) [1, 2, 3, 4, 5, see Figure 1].

characteristic bands are found at 1289 and 118% tnwhich
can be assigned to the shifteCO) (—10 cnT!) and 6(OH)

(+8 cnh) modes, respectively. In Figure 1 two further new
bands observed at 936 and 730¢man be interpreted as the

out-of-plane modes of the NiHand OH" groups in the proton-
transfer or type Il complexes, N-H---Cl~---H—O and

C=0O*—H---Cl=---H—N, respectively. The corresponding in-

plane bending mode¥NH™) andd(OH™) are observed at 1367
and 1276 cm!. The high-frequency spectral region (3600

J. Phys. Chem. A, Vol. 103, No. 50, 19981023
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Figure 3. Matrix FT-IR spectrum (36003400 cn1?) of 2-hydroxy-

pyridine < 2-oxopyridine/Ar (A) and 2-hydroxypyridine> 2-oxo-
pyridine/HCI/Ar (HCI:Ar = 100) (B) [1, 2, 3, 4, 5, see Figure 1].

frequencies in comparison with the RHF method. The shifts
Avop and Avyy are larger, and the agreement between DFT
and the experimental values is excellent. On the other hand,
both the RHF and DFT methods fail to predict reliable
frequencies fobxy™ andyxy™ (X =N, O). These values, which

are presented in the table, are not scaled, because these modes
possess a large anharmonicity. For the--N--Cl and
C=0:---H- -Cl complexes, theyci modes are observed at 1400
and 1620 cm?, respectively, and these frequencies suggest an
intermediate type + Il of hydrogen-bonding. The mechanical
anharmonicity of the HCI stretching mode in such complexes
may be expected to be large. Therefore, this parameter has been
calculated by the variational meth&®!°For each complex, the
anharmonic frequencies are considerably better predicted with
DFT/B3-LYP than with the RHF method, although the com-
puted values are still large compared to the experimental results.
This difference can be attributed to a well-known matrix effect.
Due to the reduced distances in a solid matrix, a H-bonded

2000 cntY) is illustrated in Figure 2. The stretching modes complex may be significantly stronger than in the gas phase,
v»(NH*) and v(OH") appear as rather broad bands situated at and examples of this “matrix fortification” are numerous. The
2600-2500 and 25082400 cntl. These frequency values are  HF stretching frequency in the NH-HF complex was found

similar to those observed for trimethylaminoxide/HtGh(NH™)
= 2500 cnt?) and uracil/HCE (v(OH') = 2520-2455 cn1?).

to shift from 3215 cm? in the gas phase to 3041 cfin an
argon matrix and to 2775 crhin a nitrogen matrix> For the

Further evidences for closed H-bonded complexes are the band§£=0 stretching modes, B3-LYP gives slightly better results

observed at 2662 and 2270 chrorresponding ta(NH) and
v(OH), respectively. The HO---HCI complex is manifested
in this region by a downward—<171 cnt?) shifted »(HCI)
located at 2699 cm due to the elongation of the-HCI bond.

This value is close to the frequency obtained for the

H,0-+--H—CI complex (2699 cm?').2 The relatively small value

of this shift implies a type | complex. Other manifestations for

the H-0O---H—CI complex are the decrease ofOH) (—16
cm 1) (Figure 3) and the increase 6{OH) (+11 cnt?).
3.3. Comparison with Calculated Vibrational Data. For

each of the five complex systems, only the most characteristic

than the RHF method, at least when appropriate scaling factors
are used. However, the RHF and DFT methods predict the same
Oxn (X = N, O) bending frequencies. The HCI stretching mode
is situated at 2699 cm for the H—0---H—CI complex, which
suggests a type | hydrogen-bonding. The anharmonic frequencies
calculated with B3-LYP and RHF are 2629 and 2977 &¢m
respectively. DFT predicts better threy stretching frequency

in comparison with the value obtained by the RHF method.
However, both the RHF and DFT/B3-LYP levels of theory agree
well with the experimental result for thén bending mode.

modes have been analyzed by theory. The calculations obtained; conclusions

with B3-LYP and RHF methods in comparison with the
experimental matrix results are reported in Table 3. For the

N*—H:+-Cl~--*H—0 and G=O*—H---Cl~-*H—N complexes,
the B3-LYP method predicts much better thg,™ and von™

Computational chemistry combined with matrix-isolation FT-
IR spectrometry has been applied to investigate the different
H-bonding interactions of 2-hydroxypyridine/2-oxopyridine with
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TABLE 3: Vibrational Analysis of 2-Hydroxypyridine and 2-Oxopyridine Complexed with HCI

B3—LYPP RHF
experiment in A (cm™?) v (cm™) I (km-mol™?) v (cm™) I (km-mol™?) assignment
N+_H...C|*...H—O
2600-2500 2749 3615 3204 807 VNH
2270 (-1304} 2456 (-1313) 695 34444705) 2442 Von
1367 1710 544 1865 637 ONHF
936 1015 36 1058 57 YNHF
C=0*—H++-Cl++-H—N
2662 (-776) 2747 {-858) 3584 32044659) 809 Vi
2500-2400 2449 728 3444 2442 Vout
1276 1522 66 1642 88 Oont
730 917 34 884 50 YoH"
N-+-H- -Cl
3832 87 4194 123
3562 (7) 3640 (1) 3775 ¢2) Von
2162 2769 2901 997
1400 (-1470) 1831 ¢1017) 2729 £367) Vho®
1317 98 1341 26
1289 (-10) 1284 (13) 1207 €5) veo
1193 68 1293 56
1181 (+-8) 1163 (5) 1164 (5) Som
C=0-+-H- -C
3599 76 3859 101
3424 (-14) 3419 (6) 3473 (-4) Vi
2272 2020 2931 907
1620 (-1250) 1957 {891) 2767 £329) Vac®
1706 932 1888 1202
1666 (-46) 1663 (47) 1699 (29) veo
1453 61 1578 33
1417 (2) 1420 @¢-1) Onn
772 87 857 116
775 (+14) 757 @-4) 771 43) yco
H—0-+-H—Cl
3763 95 4134 152
3553 (-16) 3575 (-6) 3721 (-15) Von
2770 677 3089 367
2699 (-171) 2629 (-219) 2977 ¢119) Vrcd
1208 154 1305 98
1177 @¢-11) 1178 ¢-10) 1175 ¢-7) SoH

aNumbers in parentheses correspond to the frequency %Fiftst row, unscaled values; second row, scaling factor of 0.95@(kk), 0.980
for y, and 0.975 for other vibrational modéesFirst row, unscaled values; second row, uniform scaling factor of 0.98aharmonic frequencies.
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