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The ionization of phenetwater and phenetammonia complexes have been determined both using ab initio
methods that include electron correlation and the hybrid three-parameter B3LYP density functional method.
The most stable structure of phereVater cation corresponds to thglgOH™—H,O non-proton-transferred
complex. However, for the phenehmmonia cation the calculations indicate that the only minimum on the
potential energy surface corresponds to tREl{O—NH," proton transferred form. The computed B3LYP
adiabatic ionization potentials fors8sOH—H,O and GHsOH—NH3; have been determined to be 7.65 and
7.33 eV, respectively. The results obtained indicate that, for the neutral H-bonded systems, the B3LYP density
functional method yields very similar results to those obtained with the ab initio MP2 or MCPF methods.
However, for the ionized radical cations, B3LYP results compare much better with experiment and to the
MCPF method than UMP2. The unscaled B3LYP vibrational frequencies are in very good agreement with
the known experimental data.

Introduction Most of the previous theoretical studies for these systems
deal with the neutral complexé%.23 To our knowledge, only
one theoretical study has been performed for thgHfOH—
H,O]" radical catior?* However, in this study the geometry

The development of ultrafast laser techniques with femto-
second resolution have made possible to study real-time
molecu_lar dyr_lamlc processesOn the theoretical side, many ._and only the low vibrational frequencies were determined at
dynamic studies are based on the_know_ledge of the p(_)tentlalthe restricted open Hartre€&ock (HF) level, without consider-
energy surface. Because the direct inversion of the experlmentaling electron correlation in general and, in particular, spin
spectra into a potential energy surface is intractaldeslose polarization. Very recently, Scheiner ét Zél.published’ a

intergqtion between theory _and experiment_ is required for theoretical study for the phenehmmonia system in the ground
obtaining a good understanding of the experimental results. 5,4 excited states, in which the ionized state was considered as
The study of ionic hydrogen bonded clusters involving phenol \ye|i. In this study geometry optimizations were carried out
and simple molecules, such as water or ammonia, has attracteq,nder certain constraints with the unrestricted HF (UHF)
considerable attention as models for studying numerous biologi- method, again without including the effect of electron correla-
cal and chemical processes:* One of the simplest and most tjon, ~ Single-point calculations, at the UHF geometries, were

fundamental chemical processes that can occur upon ionizationperformed at the UMP2 level. No vibrational frequencies for
is the proton-transfer reaction. Because of that, several experi-this system have been reported.

mental studies have investigated the size dependence intracluster |t js well-known that correlation energy can change dramati-

proton-t+ransfer reaction in [pheno(H;O)\ " and [phenot- cally the topology of a potential energy surface. Moreover,
(NHS)n]+- These studies have shown that foreHgOH— Hartree-Fock frequencies are known to be too large. In this
(H20)] " the proton-transfer reaction takes placerfar 3, while paper we optimize the structures and determine the vibrational

for n =1 andn = 2 the most stable ion structure corresponds frequencies of the neutral and cationicsGOH—H.0] and

to the GHsOH'—(H0), non-proton-transferred fordt:'* [CeHsOH—NH;] complexes using traditional ab initio methods
However, for phenotNHs, the electronic spectra seems t0  {hat include electron correlation and methods based on the
indicate that the ground-state structure of the ion arises from density functional approach. We will show that the density
the interaction of the phenoxyl radical i”d the ammonium ion; fnctional approach provides very good results, especially for
that 1S, it corresponds to thessO—NH," proton transferred  th ragical cation complexes, at a lower computational cost than
form.2 For this system, an energy barrier of about 1 eV has ¢qnyentional ab initio correlated methods. Differences between
been estimated for the proton-transfer reaction frasOH"— the phenot-water and phenelammonia systems, as well as

NHs to CeHsO—NH,*.571* This large barrier has been sug- hose with previous theoretical studies, will be discussed.
gested from two color picosecond excitation and delayed

ionization from an excited neutral proton-transfer experiment. Methods

This is in contrast to the $0—H,0 and HO—NH; dimers, for The adequacy of density functional methods for the study of
which ionization of the proton donor monomer spontaneously hydrogen bonded compounds has been the subject of several
leads, in both cases, to the proton transferred structures OH recent paper&-37 It is generally agreed that local density
HsO™ and OH-NH,4", respectively:>-17 This surprisingly large functional methods are seriously deficient, while nonlocal

barrier for the proton-transfer reaction fromHGOH™—NH;3 methods that include gradient corrections, in particular the
to GsHsO—NH4* has been attributed to the fact that the charge hybrid three-parameter B3LYP meth&tprovide results com-
is very delocalized in the phenol fragmént. parable to the MP2 ones when similar basis sets are used.

Based on the comparison between conventional ab initio and

€ Abstract published ilAdvance ACS Abstract$yovember 1, 1997. density functional methods in a series of complexes, it is
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concluded that presently functionals do not cover the dispersionscaled UMP2 derived frequenci&s.Moreover, the calculated
energy3®40 while the electrostatic interaction is properly B3LYP proton affinity for the PhOradical was found to be in
described. An extension of the density functional formalism very good agreement with the experimental restlta reliable
to include long range interactions such as the dispersion forcestheoretical determination of the proton affinity og:O° is
has recently been presentédBecause the dispersion forces important for obtaining a good description of the cationigH&
are a minor component in the hydrogen bond interaction, it is OH—H,0]" and [GHsOH—NH3]* complexes, specially the
not surprising that the B3LYP method provides reliable results latter, for which the proton transfer §8s0—NH,*] complex
for the H-bonded systems. has been detected in the experiments.

Although for neutral hydrogen bonded compounds, the B3LYP calculations were performed using a doublplus
ionized radical cations the B3LYP method has been shown to @hd O we used the (9s5p)/4s2p set developed by Dubthing
perform much better. In particular, for the methanol radical Supplemented with a valence diffuse functiany(= 0.0438
cation, Radom et 4R have shown that the MP2 method gives for carbon,osp = 0.0639 for nitrogen ands, = 0.0845 for
an artificially short C-O bond length due to an overestimation ©0xygen) and one 3d functiormx(= 0.75 for carbongo. = 0.80
of the effects of hyperconjugation, while at the B3LYP level for nitrogen andx = 0.85 for oxygen). For hydrogen, the basis
this effect is only slightly overestimated leading to results in S€t used is the (4s)/2s set of Dunning supplemented with a
much better agreement with high level CCSD{Tand G2 diffuse funct_lon (vl = 0.036_5) an a p polarization func_:tlono(
method<3 Ventura et a have shown that the bad description = 1.00). This basis set will be referred to as B96** in the
of the XHCO* radical cations at the Hartre&ock level leads ~ Paper. MP2 calculations have been performed using the
to an oscillatory behavior of the MPseries. There are other somewhat smaller D95* basis set, derived from the previous
examples in the literature in which the B3LYP method is shown ©ONe; in which the diffuse functions and the polarization functions
to provide better results than MP2:48 The failure of the MP2 on the hydr_ogen atoms have not been included. For_ the purpose
method for these systems has mainly been attributed to the spir®f comparison, we have also performed calculations at the
contamination of the UHF wave function, since it is well-known B3LYP level with the smaller basis set. Basis set superposition
that the Maller-Plesset perturbation expansion converges slowly €M10r has been corrected by using the somewhat controvérsial
when the UHF reference wave function has large spin contami- COUNterpoise correctiot.
nation?>% Improved energies can be obtained by employing Resuits and Discussion
a projector formalism which annihilates the contamination of
higher spin$! Mgller Plesset calculations based on a spin
restricted approach (ROMPnN) avoid the spin contamination
problem; however, the perturbation treatment is not unique and
several schemes have been propd&3elh the density functional
approach it is not quite clear what the meaning of spin
contamination is, since the single determinant of Kohn Sham
orbitals is not the exact wave function. Nevertheless, little spin
contamination is found for stable open shell molecules with these
methods3

First, we will present the structure and vibrational frequencies
for the neutral [@HsOH—H>0] and [GHsOH—NH3] com-
plexes. Next, we will study the effect of ionization in the
structure and vibrations of these complexes, and finally, we will
discuss the observed differences.

A. CgHsOH—H>0 and C¢HsOH—NH3;. Phenol is more
acidic than water or ammonia. Thus, the most stable structure
for the hydrogen bonded 850H—H,O and GHsOH—NH3
complexes is expected to have phenol acting as the proton donor

) . o and water or ammonia as the proton acceptor. Since previous
In this work the geometries of the neutral and cationigH& theoretical studié§ 20 have found this structure as the most

OH—-H,0] and [GHsOH—NH;] complexes have been deter- giapie we have only considered this isomer in the present work.
mined both using MP2 and the three-parameter hybrid B3LYP |, Figure 1 we present the B3LYP(D95**) and MP2-
density functional methot, implemented in the Gaussian 94 (pg5x) optimized structures for the neutral and cationic phenol
package‘_.4 Single-point calculations, at the B3LYP equilibrium  ater and phenetammonia complexes. For comparison we
geometries, have been performed using the modified coupledpaye also included the optimized geometries of neutral phenol,
pair MCPF method®> The MCPF method is an extension of  yheno| cation, and the phenoxyl radical. We have not included
the singles and doubles configuration interaction approach, ihe B3LYP(D95%)-optimized geometrical parameters since the
which is essentially size extensive and accounts for the effect ypiained values are very similar to the ones obtained at the
of higher than doubles excitations in an approximate manner. g3 yp |evel with the larger D95+** basis set. The most
For a great number of systems, in particular for electrostatically jmportant differences correspond to the internuclear distances
bound ones, the MCPF method has been shown to prowdeo7_ol4and O—Ny4 of the neutral complexes, which are 0.028
reliable results similar to the CCSD(T) or QCISD(T) methods. and 0.030 A smaller, respectively, in the D95* basis set. The
MCPF calculations have been performed with the Sweden- gifferences between the MP2 and B3LYP values are also small.
MOLECULE system progrant¥. Single-point calculations at  as it has been found in previous studies, B3LYP provides, in

the MP4 level including singles, doubles, triples and quadruples general, a somewhat smaller H-bond distance than the MP2
excitations have also been performed at the MP2 geometries.methodss-39

In the MM and MCPF Ca|Cu|ati0nS, we haVe Correlated a" the It can be Observed |n Flgure 1 that both neutra' Comp|exes’

electrons except the 1s-like ones of C, N, and O. Open shell CgHsOH—H,0 (1d) and GHsOH—NH3 (1f), haveCs symmetry
MCPF calculations are based on a spin restricted formalism jth an almost linear hydrogen bond. Deviation from linearity
while we used the unrestricted appl’oaCh for then\diad the is somewhat |arger for pheneammonia than for phenewvater
B3LYP calculations. due to a stronger sterical interaction between ammonia and
Harmonic vibrational frequencies have only been determined phenol. As expected, hydrogen-bonding interaction increases
at the B3LYP level. We have chosen the B3LYP density the G—Hj3bond distance of phenol, the lengthening being more
functional method since it has recently been shown to provide important in GHsOH—NH3 than in GHsOH—H0, due to the
very accurate results for the phenol cabiband phenoxyl larger basicity of ammonia compared to that of water.
radicals®® In particular, the unscaled B3LYP vibrational The internuclear distande between the two heavy atoms is
frequencies were found to be more accurate than the uniformly very similar in the two complexes, both at the B3LYP and MP2
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(CsHsO-NHa+)

142.4
143.4

RO7-N14=2.554, 2.564
<O7H13N14=164.5, 167.2

i)

Figure 1. MP2- B3LYP-optimized geometries of (akdsOH, (b) GHsOH™, (c) GHsO, (d) GHsOH—H0, (e) GHsOH"—H,0, (f) CeHsOH—
NHa, (g) GHsOH™—NHj3, (h) TS for the proton-transfer reactiontzO—H*™—NHgs, and (i) GHsO—NH,4". Distances are in angstroms and angles

in degrees.

TABLE 1: Binding Energies of C¢HsOH-H O and
CgHsOH—NH3?

CeHsOH—  CoHsOH—
H,0b NHgb

MP2(D95*)//MP2(D95*) 9.3(7.1)  12.0(8.6)
MP4(D95*)//MP2(D95%) 9.1 11.6
B3LYP(D95*)//B3LYP(D95*) 8.7(7.6)  11.3(9.5)
MP2(D95++**)//MP2(D95*) 9.0(6.1)  11.0(8.1)
B3LYP(D95++**)//B3LYP(D95++*)  7.5(6.4) 9.7(8.6)
MCPF(D95++*)//B3LYP(D95++*) 8.3 10.0

a|n parentheses are counterpoise corrected binding enebdies.
kcal/mol.

levels. This is consistent with the experimental valudRoh
the HO—H,O and HO—NHj; dimers, which has been deter-
mined to be 2.98 &3in both complexes. However, previous
Hartree-Fock calculations found thR value to be about 0.05
A larger in phenotammonia than in phenelwater?2 More-
over, the HF value for thR distance in both complexes is about

accurate, since the basis set superposition error can partially
compensate the lack of dispersion energy. The binding energy
of CeHsOH—H,0 at the B3LYP (7.5kcal/mol) and MCPF (8.3
kcal/mol) levels are also very close to the best estimate of 7.8
kcal/mol reported by Feller et al. at the MP2 level using large
correlation consistent basis $é&t.Including the B3LYP zero-
point correction, the B3LYP(MCPF) binding energiBg of
phenol-water and phenelammonia are 5.6(6.4) and 7.8(8.1)
kcal/mol, respectively. A larger binding energy for phenol
ammonia was to be expected considering that ammonia is a
better proton acceptor than water.

The B3LYP vibrational frequencies ofgBsOH—H,0 and
CeHsOH—NH3, as well as the shifts of the intramolecular modes
of free phenol and water or ammonia, are given in Table 2.
There are six intermolecular vibrations arising from the hydro-
gen bonding interaction between phenol and water or phenol
and ammonia: tw@'"' rocking modes, twa@' wagging modes,
onea'’ torsional mode and th& hydrogen bonding stretch. As

0.1 A larger than the value obtained in the present work. Theseused by Schiz et al.} the rocking modes are denotedand

differences are due to fact that electron correlation is neglected2, the wagging mode; andf,, the torsional mode t and the

in the HF studies while it is taken into account in the present H-bond stretcho. It has been previously noted that the
calculations, which mainly changes the electronic charge anharmonic correction is important for tifie intermolecular
distribution of the monomers and, thereby the electrostatic wag mode of the phenelwater compleX® However, for the
interaction. The obtained valuesRfor CsHsOH—H,0 at the CeHsOH—NH3 system the computefl, harmonic value is in
B3LYP (2.83 A) and at the MP2 (2.84 A) levels are in better Vvery good agreement with the experimental one, which appears
agreement with the experimental value of about 2.86 A reported to indicate that in this case the anharmonic correction is not
in ref 64 than with the 2.93 A value determined in ref 65 by important. Moreover, the harmonic description was found to
performing another analysis of the rotational constants. For the be very reasonable for the stretching med® both systems,

trans-1-naphto-NHz complex, a value of 2.86 A has been
experimentally determin€.

The computed binding energi€% of CsHsOH—H,O and
CsHsOH—NH3, at different levels of calculation, are given in

Table 1. The binding energies computed with the D95* basis

are somewhat larger than the ones obtained with thet9%
basis set. As noted previousithe counterpoise corrected

as can be observed in Table 2. As found in experiments, this
o H-bond stretch is larger in phenrehmmonid®22 than in
phenol-watert7:68 which is consistent with the larger binding
interaction in GHsOH—NHs.

With respect to the intramolecular modes, it can be observed
in Table 2 that the larger frequency shifts due to the hydrogen
bonding interaction are those associated with the phenolic group

binding energies should be taken with some reservation with OH, i.e., thea” OH torsional mode and th& O—H stretching
basis sets containing diffuse functions, since the correction mightmode. The computed shifts of the-® stretching mode in
be overestimated. The uncorrected B3LYP binding energies CsHsOH—H0 (—208 cn1?) and GHsOH—NH3 (—469 cn1?)

are slightly smaller than the values obtained with conventional are larger than the experimental values-cf34 cnt? ° and

ab initio methods, probably due to the fact that the dispersion —363 cn,21respectively. This overestimation is probably due
energy is not covered with presently density functional meth- to the fact that the computeRl distance in the complex at the
0ds3940 However, the differences are small and the computed B3LYP level might be slightly underestimatédl.

values are in good agreement with the ab initio values obtained The computed B3LYP frequencies, specially the low-
with the MP2 and the high-level MCPF methods. Overall, the frequency vibrations, are in very good agreement with the
uncorrected B3LYP value with the large basis set can be quite experimental data. Moreover, for pher@mmonia, the NH
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TABLE 2: B3LYP Harmonic Vibrational Frequencies of the C¢HsOH—H,0 and CsHsOH—NH3; Hydrogen Bonded Dimers and
Frequency Shifts Compared to Free Monomers

intermolecular vibrations

CeHsOH—H,0P frequency

GHsOH—NH frequency

@ ps 37 (&) ps 38
@ p1 58 @) 41
@nr 88 @) p1 66 (60)
@)o 163 (151) @) o 188 (164)
@" p2 254 @) p2 284
(@) B2 262 (146) (9 p2 322 (322)
intramolecular vibrations
CeHsOH—H,0P frequency shift GHsOH—NHg frequency shift
(@) ring torsd 229 +1 (@") ring tors. 229 +1
(@") ring. tors. 421 +5 (@") ring tors. 417 +1
(@) CO bend 435 +32 (d) CO bend 464 +61
(') ring tors. 517 +6 (d") ring tors. 514(525) +3
(d) ring def. 530 (528) +1 (d) ring def. 533 +4
(&) ring def. 624 (618) +1 (d) ring def. 624 +1
(d") ring tors. 697 +14 (d") ring tors. 684 +1
(d") CH op bend 759 -3 (d") CH op bend 761 -1
(') OH tors. 775 +447 (&) CH op bend 825 -2
(d) C—O str., ring def. 825 (825) +4 (d) C—O str., ring def. 828 +7
(@") CH op bend 840 (813) +13 (d") CH op bend 888 -7
(d") CH op bend 901 +6 (d") OH tors. 902 (822) +574
(d") CH op bend 971 +3 (d') CH op bend 964 -4
(d") CH op bend 981 -2 (d") CH op bend 977 -6
(d) ring def. 998 (1000) -1 (d) ring def. 997 (996) -2
(@) C—Cstr. 1039 (1026) 0 (pC—C str. 1038 (1025) -1
(@) C—C str., CH ip bend 1091 (1070) +2 (d) C—C str., CH ip bend 1090 +1
(d) CH ip bend 1171 (1151) (BNHsinv. 1130 +115
(d) CH ip bend 1183 -2 (d) CH ip bend 1170 -1
(d) OH bend, G-C str., CH ip bend 1243 +62 (d) CH ip bend 1181 —4
(d) C—O str., C-C str. 1293 (1274) +14 (d) OH bend, C-C str., CH ip bend 1275 +94
(@) CH ip bend 1356 +4 (@) C—O str., G-C str. 1301 (1279) +22
(d) C—C str., OH bend, CH ip bend 1383 +18 (d) CH ip bend 1356 +4
(@) C—C str., CH ip bend 1494 +2 (d) C—C str., OH bend, CH ip bend 1414 +49
(d) C—C str., CH ip bend 1525 +4 (d) C—C str. CH ip bend 1499 +7
(@) H20 bend 1624 +25 (d) C—C str., CH ip bend 1527 +6
(@) C—Cstr. 1634 —4 (@) C—C str. 1631 -7
(@) C—Cstr. 1652 +1 (@) C—C str. 1652 +1
(@) C—H str. 3174 (3032) +8 (d) NHz bend 1666 -3
(&) C—H str. 3180 (3054) —4 (@) NHzbend 1668 -1
(a) C—H str. 3191 (3072) -1 (@) C—H str. 3171 +5
(a) C—H str. 3201 -5 (d) C—H str. 3179 -5
(@) C—H str. 3209 (3087) -5 (@) C—H str. 3189 (3058) -3
(&) O—H str. 3632 (3524) —208 (8) C—H str. 3200 (3083) -6
(@) H0 str. 3817 (3650) -3 (@) C—H str. 3208 -6
(') HxO str. 3930 (3748) -11 (d) O—H str. 3371 (3294) —469
(@) NHg str. 3480 (3333) -6
() NH3 str. 3609 —20
(') NHsstr. 3614 —15

aFrequencies in cri. Abbreviations: op= out-of-plane, ip= in-plane. Experimental values in parenthe$esxperimental values taken from
refs 19, 67, 69, 70, and 72Experimental values taken from refs 21, 22, and %8bbreviations for molecular motions: tors torsional, def=
deformational, and st~ stretching,

and OH B3LYP stretching frequencies show the same ordering ionic state of phenetwater and phenetammonia is #A" state
than that observed in the experimefitshat is, the frequency  derived from ionizing the phenol monomer.
of the OH stretching vibration is lower than the NH stretching, et us first consider the [EisOH—H,O]" cation. The

while previous HartreeFock results, with doublé- plus computed B3LYP (MCPF) vertical ionization potential of
polarization quality basis sets, gave the reverse GfeférThe phenot-water is 7.93 eV (7.83), 0.53 (0.53) eV smaller than
computed B3LYP frequencies of phenol are also in better that of free phenol 8.46 (8.36) eV. Geometrical relaxation of
agreement with experiment than the MP2 otfed very good the 2A" state of [GHsOH—H.O]* leads to the non-proton-
agreement between the experimental and density functionaltransferred structure displayed in Figure 1e. The mostimportant
recently reported by Michalska et al. using the BLYP method.  hydrogen bond length, which decreases 0.197 (0.252) A at the
B. CeHsOH—H,O' and CgHsOH—NHs". Phenol has a  MP2(B3LYP) levels, mainly due to a stronger electrostatic
lower ionization potential than water or ammonia. Moreover, interaction in the ion. Consequently, the increase of the O
hydrogen bonding interaction lowers the energy required to Hiz bond length in the cation 0.031 (0.046) A is significantly
ionize the proton donor molecule, due to a destabilization of larger than in the neutral complex 0.008 (0.010) A. The
the HOMO orbital of the donor monom&r-17 Thus, the lowest geometrical changes of the phenol fragment in the complex
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TABLE 3: Relative Energies (in kcal/mol) for the lonized
(CeHsOH—H,0)* Complex

CeHsOH"—  CeHsO +

H,0 Ha0*
MP2(D95*)//MP2(D95*) —22.6(-20.0) 49.4
PMP2(D95*)//MP2(D95*) 248 33.1
PMP2(D95*)//MP2(D95*) —24.4 37.8
MP4(D95*)//MP2(D95*) —-225 45.2
PMP4(D95*)//MP2(D95*) —24.4 31.4
PMP4(D95*)//MP2(D95*) —24.0 35.8
B3LYP(D95*)//B3LYP(D95*) —24.2(-23.0) 387
MP2(D95++**)//MP2(D95*) —21.0(-175) 525
PMP2(D95++**)//MP2(D95*)® -233 36.3
B3LYP(D95++*)//B3LYP(D95++*) —21.6 (-20.3) 416
MCPF(D95++*%)//B3LYP(D95++*)  —21.6 38.8

a|n parentheses are counterpoise corrected enefgfesjected
energies after annihilating the first contaminant (quarte®rojected
energies after annihilating all the contaminants from quartet to octet.

parallel those observed in the ionization of free phenol, see
Figures 1a and 1b.

The relative energies of the;@s0OHT—H,0 cation computed
with respect to the most stablglfzOH* + H,O asymptote at
different levels of calculation are given in Table 3. For
comparison we have also included the relative energy of the
proton transferred gis0° + H;O* asymptote. Even though
ionization increases the acidity of phenol, the most stable
structure of phenetwater cation is the non-proton-transferred
complex le. This is not surprising considering that the proton
transferred @HsO* + H3O™ asymptote lies high above the non-
proton-transferred gsOH* + H,O one, that is, the B3LYP-
(MCPF) proton affinity of HO is 1.8 (1.7) eV smaller than
that of the GHsO* radical. This is in contrast to the (B),
dimer, for which ionization leads spontaneously to the proton
transferred OH-H3;O"™ complex!® In that case, however, the
OH + H3O" asymptote lies about 1 eV below the® +
H,O one, due to the larger proton affinity ob8 compared to
that of OH.

It can be observed in Table 3 that, while the uncorrected
relative energies of the8&sOH™—H,O complex are similar at
all levels of calculations, that is, they do not differ by more
than 2.5 kcal/mol within the same basis set, the differences in
the relative energies of thesB50° + H3O™ asymptote can be
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the geometry relaxed EsOH"—H,O complex (structure 1e)
lies 6.4 (5.8) kcal/mol, 0.28 (0.25) eV, lower in energy than
the vertical ionized?A" state, which leads to an adiabatic
ionization potential of 7.65 (7.58) eV. The difference between
the vertical and adiabatic ionization potentials of phervehter

is somewhat larger than that of phenol 0.19 (0.20) eV due to
the reduction of the hydrogen bond length in the cationic
complex, which further enhances the electrostatic interaction.
The computed B3LYP(MCPF) adiabatic ionization potential,
7.65 (7.58) eV, is in good agreement with the experimental value
of 7.94 ev46

The B3LYP vibrational frequencies of the phenalater
cation are given in Table 4. We have also included the
computed intramolecular shifts compared to free phenol cation
and water. The observed differences between the frequencies
of the neutral and cationic complexes reflect the strong increase
of the interaction between phenol and water upon ionization.
That is, the frequency of the stretch vibratieimncreases from
163 cn1?! in the neutral complex to 255 crhin the cation.
Moreover, those frequencies associated with the OH group of
phenol exhibit larger shifts in the cation than in the neutral
dimer. This is specially significant for the OH stretching of
phenol, which shows a shift 6208 cnt! in the neutral, while
the corresponding value in the cation 4875 cntl. The
B3LYP computed frequencies are in very good agreement with
the experimental valuéswhich again indicates the adequacy
of this method for describing these radical cation systems. The
largest low-frequency difference corresponds to the inter-
molecular in-plane wag modg, which has been shown to be
strongly anharmonic in a previous theoretical stétly.

Let us now consider the PEIsOH—NH3]™ complex. The
B3LYP(MCPF) vertical ionization energy of pher@mmonia
is 7.79 (7.69) eV. As expected, complexation of phenol
decreases the energy required to ionize phenol, the decrease
being more important in phenekmmonia, 0.67 (0.67) eV than
in phenot-water, 0.53(0.53) eV. Geometry optimization of the
2A" ionized state of [GHsOH—NH3]™ leads to different
structures depending on the method of calculation used. That
is, at the MP2 level, the geometrical relaxation leads to the non-
proton-transferred §4sOH*—NHj3 structure (Figure 1g), while
with the B3LYP method, we obtained the proton transferred

as large as 18 kcal/mol. In particular, it can be observed that CeHsO"—NH4" one (Figure 1i). Using B3LYP, we could not

the MP2 energies are much too high compared with the B3LYP _find a minimum correspond_ing to the non-proton-transferred
and the MCPF ones due to the high spin contamination of the iSOmer. Any attempt to optimize such an structure collapsed
phenoxyl radical. The value & in this system is 1.31, even 10 the GHsO"—NH," isomer. However, both the proton and
larger than the values found in aromatic radical compounds, non-proton-transferred structures were found as minima of the
which are generally high-spin contaminated. Because of that, Potential energy surface when using the MP2 method. The MP2
the MP2 energies are meaningless. Projected btiergies are transition state connecting both minima has also been located
much closer to the B3LYP and MCPF results. The B3LYP and is shown in Figure 1h.
and MCPF values, including the zero-point correction (0.01 kcal/ ~ Similarly to the GHsOH*-H,O radical cation, theRo-n
mol), are very close to the experimental value of 40.6 kcal/mol distance in the non-proton-transferred fornrgHgOH*—NH3
obtained from the difference of the proton affinities aHzO" decreases 0.268 A upon ionization and the geometrical changes
and HO.7374 Therefore, it is clear from these results that the of the phenol fragment are similar to those found when ionizing
B3LYP method provides much better results than MP2 for these free phenol. The proton transferregigO*—NH,4* form arises
kind of systems. A better behavior of the less computationally from the interaction of gHsO* and NH; and thus, the
demanding B3LYP method compared to MP2 has also beengeometrical parameters are similar to those of freldsO* and
found by Morokuma et al. in the study of the decomposition of NH4*. In particular, the ¢-0O; distance in the proton trans-
the phenoxyl radical catiof?. ferred complex is smaller than in the non-proton-transferred
The computed gHsOH™—H,0 binding energyDe both at form, as it is in the phenoxyl radical compared to that in the
the B3LYP and MCPF levels with the large basis set, is 21.6 phenol radical cation, due to an increase of the G; double-
kcal/mol. Including the zero-point correction, the binding bond character. A comparison of the geometrical parameters
energy is 19.6 kcal/mol. As expected, the binding energy in of CsHsO*—NH,4" with those of free @HsO* and NH,™, at the
the cationic complex is significantly larger than in the neutral MP2(B3LYP) levels, shows that the most important geometrical
dimer, mainly due to a stronger electrostatic interaction in the change upon complexation corresponds to the @; distance
cation. It can be observed that, at the B3BLYP(MCPF) levels, in the phenoxyl radical, which increases 0.036 (0.015) A, and



9148 J. Phys. Chem. A, Vol. 101, No. 48, 1997 Sodupe et al.

TABLE 4: B3LYP Harmonic Vibrational Frequencies of the C sHsOH-H,O" and CsHsO—NH4+ Hydrogen-Bonded Dimers and
Frequency Shifts Compared to Free Monomers

intermolecular vibrations

CeHsOH™—H,0P frequency GHsO—NH,4" frequency
(@) p1 73 (67) (&) p 18
@p1 85 (84) @ p1 54
@nr 156 (~130) @) 63
@)o 255 (240) Qo 266
@) p2 395 (328) B2 400
@' p2 429 @) p2 436
intramolecular vibrations
CeHsOH—H,0° frequency shift @HsO—NH,* frequency shift
(@") ring tors® 200 (189) +18 (d") ring tors. 203 +16
(@") ring. tors. 366 (354) +8 (@") ring tors. 371 —4
(@") ring tors. 448 +22 (d') ring tors. 469 -5
(@) CO bend 471 (450) +59 (&) CO bend 480 +38
(@) ring def. 523 (516) +4 (@) ring def. 557 +33
(@) ring def. 573 +11 () ring def. 587 -4
(@") ring tors. 633 (636) +14 (d") ring tors. 646 -6
(&") CH op bend 798 +6 (d") CH op bend 795 -5
(@") CH op bend 805 +1 (d") CH op bend 816 +19
(&) C—O str., ring def. 817 (812) +4 (d) C—O str., ring def. 823 +20
(@") CH op bend 945 +6 (d")CH op bend 938 +17
(@) ring def. 980 (977) -1 (d) ring def. 978 +8
(@) C—Cstr. 994 +5 (@') CH op bend 995 +15
(@") CH op bend 1001 +5 (d) C—Cstr. 1001 -5
(@") CH op bend 1006 +3 (d") CH op bend 1007 +21
(&) CH ip bend 1103 +6 (d) CH ip bend 1098 +12
(@) CHip bend 1163 +25 (d) CH ip bend 1165 +5
(@") OH tors. 1168 +563 (&) CH ip bend 1180 +21
(@) CHip bend 1193 -5 (@) CH ip bend 1293 +17
(d) CH ip bend, OH bend 1259 +76 (d) CH ip bend 1368 +24
(&) CH ip bend 1372 +17 (d) NH,* def. 1385 —101
(@) C—O str., CH ip bend 1399 +12 (d) C—0O str., CH ip bend 1416 +2
(&) CH ip bend, C-C str. 1413 +3 (d) CH ip bend, C-C str. 1436 -1
(d) C—C str., OH bend 1467 +25 (d) C—O str., CH ip bend 1529 +44
(&) C—O str., CH ip bend 1520 +18 (d) CH ip bend, NH* def. 1540 -3
(@) C—C str., CH ip bend 1539 +4 (d) NH4" def., CH ip bend 1544 +58
(@) H20 bend 1646 +47 (d') NH4" def. 1560 +74
(@) C—Cstr. 1651 -6 (d) C—C str. 1610 +25
(a)O—H str. 2855 —875 (d) NH," def. 1725 +4
(@) C—H str. 3213 +7 (@') NH,4* def. 1729 +8
(@) C—Hstr. 3218 -2 (&) Hpona—NHg str. 2222 —1156
(@) C—H str. 3224 -4 (d) CH str. 3202 +15
(@) C—Hstr. 3230 +7 (d) CH str. 3209 +15
(@) C—H str. 3235 -4 (d) CH str. 3216 +9
(@) H,Ostr. 3790 -30 (d) CH str. 3222 +6
(@") HxO str. 3889 —52 (d) CH str. 3229 +10
(@) NH4* str. 3450 —52
(@) NH,* str. 3554 +52
(@") NH4" str. 3560 +58

aFrequencies in cri. Experimental values in parentheses. Abbreviations=aput-of-plane, ip= in-plane.” Experimental values taken from
ref 4. ¢ Abbreviations for molecular motions: tors torsional, def= deformational, and st stretching.

to the H3—N14 bond distance in Nk, which increases 0.074  non-proton-transferred one. It can be observed in Table 5 that
(0.076) A. The internucleaR distance between the two heavy the B3LYP(MCPF) relative energies ofgds0° + NH4*,
atoms is very similar to that found for the non-proton-transferred including the zero point correction (1.1 kcal/mol), are in good
structure. In contrast to the other H-bonded dimers, in this agreement with the experimental value. Again the MP2 results
structure theRo_n B3LYP distance is somewhat larger than are too high due to the high-spin contamination of the
the MP2 one. The geometrical values of the transition state of unrestricted wave function of the phenoxyl radical. Conse-
the proton-transfer reaction are intermediate between the protonquently, the MP2 interaction energies of the proton transferred
and non-proton-transferred structures, while the 4 distance complex GHsO'—NH,* are 4-5 kcal/mol smaller than the
is shorter. B3LYP or MCPF values. In contrast, projected MP2 interaction
The relative energies with respect to the most stalgldsC energies, obtained after spin annihilation of the first contaminant
OH* + NH3 asymptote, at different levels of calculations, are (quartet), are larger by about-% kcal/mol. The results with
given in Table 5. Experimental values show that the proton the small basis set show that the projectedn\VPergies and
affinity of CgHsO (205.6 kcal/mol}® is very similar to that of the B3LYP results become much closer when the remaining
NH3(208.3kcal/moly® Therefore, the non-proton-transferred spin contaminants (sextet and octet) are projected out. In any
CeHsOH™ + NH3 and the proton-ransferredsdsO- + NH4*™ case, all the projected energies increase the stability of the proton
asymptotes are now almost degenerate, i.e., the proton-transferred @HsO'—NH,* structure with respect to the non-
transferred asymptote is slightly lower 2.7 kcal/mol) than the proton-transferred g1sOH"—NH3 one, while the energy of the
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TABLE 5: Relative Energies (in kcal/mol) for the lonized (CsHsOH—NH3)™ Complext

CeHsOH™—NH3 TS GeHsO—NH,*+ CeHsO + NH4*
MP2(D95*)//MP2(D95*) —28.5(-24.2) —28.2 —28.8 (-26.7) 7.1
PMP2(D95*)//MP2(D95*) -327 348 ~38.0 9.1
PMP2(D95*)//MP2(D95*) —-31.9 -33.3 -35.8 —4.3
MP4(D95*)//MP2(D95*) —28.2 —28.0 ~29.9 3.0
PMP4(D95*)//MP2(D95*)) 316 335 375 -10.8
PMP4(D95*)//MP2(D95*)j -30.8 —-32.2 -355 -6.3
B3LYP(D95%)//B3LYP(D95*) —33.1(-32.2) -2.3
MP2(D95++**)//MP2(D95*) —26.6 (-22.8) —26.3 —26.6 (-24.3) 10.9
PMP2(D95++*%)//MP2(D95*)" -30.8 -32.9 -35.6 ~5.2
B3LYP(D95+-+**)//B3LYP(D95++**) —31.3(-30.7) 0.9
MCPF(D95+-+**)//B3LYP(D95++**) —-31.7 2.7

a|n parentheses are counterpoise corrected enefgiesjected energies after annihilating the first contaminant (quaftetpjected energies
after annihilating all the contaminants from quartet to octet.

transition state becomes lower than that of the reactant. Thus,is transferred and that it remains almost constant along the
the energy barrier disappears after annihilating the spin con- process, that is, the jglatomic charge is 0.56 in the reactant,
taminants, changing dramatically the topology of the potential 0.52 in the transition state, and 0.49 in the product. The proton-
energy surface. Moreover, the counterpoise correction showstransfer process implies an electron transfer in the opposite
that basis set superposition error is larger gHEOHT—NH; direction, which produces a decrease of the positive charge in
than in GHsO*—NH4*, which further increases the exother- the donor fragment (§4s0) from 0.30 in the reactant to 0.11
micity of the reaction. Therefore, these results seem to indicatein the product. Finally, it must be pointed out that the proton
that the GHsOH™—NH3; minimum at the MP2 level is an artifact  transferred product is a distonic radical cation since the positive
of the method and of the basis set superposition error and thatcharge and the spin are localized in different fragments.
the only minimum on the potential energy surface is the proton  The interpretation of the experimental results would, thus,
transferred structure, as it is obtained at the B3LYP level. require a theoretical dynamic study of the initial wave packet.
Because the two asymptotes are almost degenerate, andhis study is specially difficult because the proton-transfer
considering that the electrostatic interaction is larger between reaction cannot be represented by a bidimensional potential
CsHsO* and NH,* than between gH4sOH* and NH;, due to energy surface, since important geometrical changes occur after
fact that the charge is more localized in the first case, it is not ionizing the GHsOH—NH3; complex, in addition to those
surprising that the proton transferregHgO*—NH4" complex associated to the two variablesA€N14 and G—Hj3) directly
is the most stable structure for the phenaimmonia radical involved in the proton-transfer process. In particular, there is
cation. The present results are in good agreement with thean important decrease of the-€0; distance due to the increase
trapped ion photodissociation spectroscopy results which showof its double-bond character. Also, the geometry of thel{C
that the ground-state ion of pher@mmonia consists of a  ring changes from that of an aromatic ring, i.e., all the@©
phenoxyl radical interacting with the ammonium &nHow- distances are very similar, to that of a structure with an important
ever, while the experimental studies have estimated a barrierquinoidal character, in which the,€C3; and G—C;s distances
of about 1 eV between the non-proton-transferred and the are much shorter than that of the otherCbonds. Therefore,
proton-transferred complex&s!! our results seem to indicate  more than two dimensions need to be considered in a dynamical
that GHsO*—NH, " is the only minimum on the potential energy  study. At present, this dynamical study is practically impossible
surface. This large barrier was suggested because the phenol in a so high multidimensional potential energy surface.
ammonia cation did not undergo dissociative proton transferto  The phenoxylammonium structure, at the B3LYP(MCPF)
CeHsO + NH4™ at energies up to and exceeding 1 eV above levels, is 0.46 (0.48) eV more stable than A& vertical ionized
the ion minimum. The nonobservation of WHimplied either state of [GHsOH—NH3]*. Thus, the computed B3LYP(MCPF)
the presence of a large barrier for the proton-transfer reactionadiabatic ionization potential is 7.33 (7.21) eV. The obtained
or the formation of a very stable proton transferregH§O— results are in good agreement with the experimental results,
NHs" complex that does not easily dissociate. It can be which found that the ionization threshold of the complex lies
observed in Table 5 that the B3LYP(MCPF) binding energy at about 7.7% or 7.85 eV’8 These experimental values
D. of the GHsO—NH4" complex, with respect to thesHs0 correspond to the vertical ionization potential and thus, constitute
+ NH4™ asymptote, is 32.2 (29.0) kcal/mol, that is, a very stable an upper limit to the adiabatic ionization potential.
phenoxylammonium complex is formed upon ionization. How-  The vibrational frequencies of thesdsO—NH," cation, as
ever, this large stability would not explain why the nonproton- well as the shifts computed with respect to the isolatglds0
transferred fragments were observed in the experiments and noand NH,* monomers, are given in Table 4. In this case the
the proton transferred ones, given that both asymptotes aremost important shifts correspond to those vibrations associated
nearly at the same energy. Although the presence of a largewith the NH;* monomer. In particular, §1s0—NH4" com-
barrier would be a reasonable explanation of the experimental plexation produces a strong shift of the NH stretching involved
results, our theoretical study and that of Scheiner &téh not in the hydrogen bond. On the basis of the good agreement
support this hypothesis at all. Moreover, a large barrier for this between the B3LYP® and experimental frequencies of the
proton-transfer reaction would be surprising considering the phenoxyl radical, we also expect the computed frequencies of
short H-bondR distance in the complex. the cationic GHsO—NH4" complex to be accurate. Unfortu-
The main reason invoked to explain the appearance of this nately, to our knowledge, no experimental vibrational frequen-
high barrier is that the charge, initially delocalized in the cies for this complex have been reported.
reactant, needs to localize for the proton transfer to otcur. )
However, Mulliken population at the MP2(D95*) geometries Conclusions
of the reactant, product and transition state, shows that the The ionization of phenetwater and phenetammonia com-
positive charge is mainly localized on the hydrogen atom that plexes have been determined both using ab initio methods that
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include electron correlation and using the hybrid three-parameter )
In both cases, the lowest Kanet.

B3LYP density functional method.
ionic 2A" state arises from ionizing the proton donor (phenol)
molecule. However, while for the phenolvater cation, geo-
metrical relaxation leads to a non-proton-transferrgdsOH"—
H.O complex, for the phenelammonia cation the most stable
structure corresponds to the proton-transferrgdsO—NH4*™
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