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Density Functional Study on Phenol Derivative-Ammonia Complexes in the Gas Phase
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Ab initio calculations with the DFT/BLYP level of theory and the 6-31G(d,p) basis set were performed on
the hydrogen-bonded phenol derivativmmonia complexes. Phenol and its following four derivatives with
growing acidity,p-nitrophenol, pentafluorophenol, 2,6-difluoro-4-nitrophenol, and 2-fluoro-4,6-dinitrophenol,
were considered. The parameters sensitive to hydrogen bonding as well as their changes due to complex
formation were studied. The calculated frequencies of phemwimonia complex showed good overall
agreement with the recently reported experimental data. Thus, it is concluded that infrared spectra predicted
for the other complexes studied in this work, at the same theory level, are also correct. The OH stretch
vibrations of the phenol derivative moieties have showed large red shifts from that of isolated phenol, whereas
the OH torsion vibrations have shifted toward higher wavenumbers. Despite the growing acidity of investigated
phenols, no proton transfer toward ammonia was observed.

Introduction shown for the solution and the condensed phase, the proton
transfer toward the proton acceptor moiety. Using the DFT/
BLYP method lets us provide relatively reliable information
on the nature of interactions as well as vibrational spectra of
investigated complexes. Thus, we performed calculations to
obtain information about the structures, energetics, and nature
of interactions between phenols and ammonia in the gas phase.
We focus mainly on the parameters as well as vibrational
frequencies sensitive to hydrogen bridge formation.

It is demonstrated that frequencies calculated at the BLYP/
(6-31G(d,p) level, for the phenoNH3; system, are in very good

Hydrogen-bonded complexes involving phenol have been the
subject of numerous studies by means of both molecular beam
spectroscopy experimedt3®2’ and theoretical investiga-
tions1:3.21-25

The interest in phenol derivatives hydrogen bonding has
several motivations. As phenol is the simplest aryl alcohol, its
hydrogen-bonding interactions can serve as a prototype for the
interaction of larger, biological species (e.g., tyrosine residues
in proteins). Moreover, changing the substituent results in a large

increase in acidity. This growth allows, under some circumm- agreement with the experimental data obtained by jet-cooled
stances, the occurrence of proton transfer to proton-accepting 27 . .
spectroscopy®2” Moreover, in our previous pap&mwe have

solvent species such as water or ammonia. Such proton tranSfeFeported detailed study of the infrared spectrum of phenol using

ﬁ—lartree—Fock, MP2 and DFT/BLYP method and 6-31G(d,p)
basis set. It has been demonstrated that of the three methods
the BLYP functional best reproduced the vibrational spectrum
of the phenol. The MP2/6-31G(d,p) method failed in predicting
two vibrations of the aromatic ring, labeled 14 and 4, whereas
calculation at the HF/6-31G(d,p) level provided incorrect results

upon electronic excitation into its first singlet electronic stafé.
Compared to its water analogue, there are relatively few
papers on the phenebmine systemy17.26.27.2937 Moreover,
neither theoretical nor experimental systematic work on phenol
derivative-ammonia complexes has been published up to now.

ghe p(rjoper:ihes of .i.he p??rr:ol detriva_t'rv?rr]ninhe dcompleges for the modes related to the OH in-plane bending vibration in
epend on e position of the proton in the ydrogen bridge. phenol. Thus, itis anticipated that the predicted infrared spectra

Phenol d_er|vat|ves with high values oRp (weak acids) are for the complexes formed between other investigated phenols
characterized to form the molecular hydrogen bonded complexes

O—H-+-B). whereas arowing acidity (lowke. values) allow and ammonia, at the same theory level, should be reliable. In
( .)’ . 9 I Y y (lowky, ) . order to get an insight into the nature of vibrational modes, we
to form ion pair (O---H*—B) structures. The tautomeric

equilibrium is possible for medium acidity. The situation performed the normal-coordinate analysis, which enabled us to
quitik PO Y .. obtain a detailed interpretation of the vibrational spectra of the
described above is well-known and was studied both for liquid

staté?-34 and low-temperature matricésThe question arises investigated molecules.
as to what the situation will be in the gas phase. Does the proton
transfer occur due to the growth of acidity?

In the present work, we perform the density functional study ~ The density functional method with the BLYP functional
at the BLYP/6-31G(d,p) level on phenol and its four derivatives calculations were performed using the 6-31G(d,p) basis set with
(p-nitrophenol, pentafluorophenol, 2,6-difluoro-4-nitrophenol, the Gaussian 94/DFT prograth.
and 2-fluoro-4,6-dinitrophenol) forming hydrogen-bonded com-  The geometry optimizations of all the monomers considered
plexes with ammonia subunit. The change of the functional as well as complexes with ammonia were performed under
groups and their position in the phenyl ring gives the possibility relaxation of all internal degrees of freedom, assuming planarity
to get a wide range ofKy, values, which may cause, as was of the complexes G symmetry). The harmonic vibrational
frequencies were subsequently calculated using the numerical
* Corresponding author. E-mail: latajka@wchuwr.chem.uni.wroc.pl.  differentiation of analytical gradients. The approximate assign-
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TABLE 1: Comparison of Calculated Parameters Sensitive to the Hydrogen Bond Formation for the Phenol
Derivatives—Ammonia Complexes with Growing Acidity? (Bond Lengths in A, Angles in deg, Energies in kcal/mol)

phenol p-nitrophenol pentafluorophenol 2,6-difluoro-4-nitrophenol 2-fluoro-4,6-dinitrophenol

HFP HFe MP2  MP2  BLYPf BLYPf BLYPf BLYP f
r(OH) 0.954 0.996 0.994 0.987 1.004 1.014 1.023 1.030 1.040
Ar(OH) 0.016 0.020 0.020 0.027 0.034 0.055 0.049 0.056
R(O-+-N) 2.952 2.840 2.824 2.775 2.721 2.700 2.666
r(C—0) 1341 1364 1365 1364 1.365 1.352 1.350 1.341 1.328
Ar(C—0) —0.013 —0.012 —-0.014 —0.017 —0.018 —0.021 —0.021 —0.024
6 (COH) 112.30 116.4 110.77 111.67 113.56 113.60 115.08
@ (OH--*N) 6.3 8.3 8.9 8.9 6.3 6.15 5.57 5.15 8.49
AECP —8.53 —-6.03 —6.03 -7.45 —10.13 —11.03 —11.86 —13.12
AEgef 364.4 3455 337.7 331.23 319.64
pKa 10.0 7.16 5.53 (4.4%) (3.55) 2.1y

aFull list of geometrical parameters as well as frequencies are available from the authors on the t&mqumestef 26, calculated with the
6-31G(d,p) basis set; the value interaction energy is not corrected for BE8&m ref 27, calculated with the 6-31G basis $dtrom ref 32,
calculated with the D95(d) basis séfrom ref 33, calculated with the DZP basis déthis work.9 AEgepis the deprotonation energy calculated
as a difference of energy for phenol derivative and its deprotonated analdgaleles in parentheses are related to chloroderivatives of phenol due
to the lack of experimental data.
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Figure 2. Correlation betweenky, values and deprotonation energies
for studied phenol derivatives.
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Figure 1. Structure of phenol derivativeammonia complexes opti- = 103 135 5 [—e=r0oH)
; : ) 1. .
mized at DFT/6-31G(d,p) level with BLYP functional. S 102 134 S
. . . . 1.33
ments were done according to normal-coordinate analysis using ] ‘ 132
the ab initio calculated Cartesian force constants as an #iput. 2824 2775 2721 27 2666
Interaction energies, calculated as the difference of total R(OH...N)

energy between the complex and the monomers, were basis Setigure 3. Correlation between the OH bond length and CO bond length
superposition error (BSSE) corrected using the standard-Boys of the phenol derivativeammonia complexes and the intermolecular
Bernardi proceduré? distances.

character increases along with the growth of acidity, the
systematic elongation of the OH bond length, due to the complex
The optimized structures of the investigated complexes are formation (Ar(OH)), is observed. At the same time, as expected,
of the Cs symmetry with one ammonia hydrogen atom lying in  the systematic shortening of the CO bond is noted. The changes
the aromatic plane and two other placed symmetrically above described above correlated reasonably with acidity which reflect
and below the plane (Figure 1). Because of sterical effects, thein pK, values. Although the value ol is related to acidity in
out-of-plane hydrogens reside on the cis side of the hydrogen-the liquid phase, it correlates excellently with the calculated
bond axis. deprotonation energies, which can be seen in Figure 2. The
As the bond lengths and angles related to phenolic ring are correlations for both the elongation of the OH bond length and
not particularly sensitive to the formation of the hydrogen bond, the shortening of the CO bond length versus the {Q%)
we focus mainly on the structural parameters involved into distance are presented in Figure 3. Despite the continuous
intermolecular interactions. The results are presented in Tableelongation of the OH bond length, due to the growth of acidity,
1 along with earlier calculated data for phenblH; com- no proton transfer is observed in the studied systems.
plex.26.27.33 The length of the hydrogen bond defined by the distance
Shiefke et af® as well as Iwasaki et &l.have carried outab  between heavy atoms (O and N) is substantially larger for the
initio calculations and provided an energy-optimized structure phenot-ammonia complex than for the other investigated
for the phenotammonia complex. They have used, however, systems. The distance of 2.824 A is typical for-B-+-N
the HF level of theory, which neglects the electron correlation hydrogen bonding! Consistent with that value is the-GN
necessary for the proper description of the hydrogen-bonding distance of 2.77 A for 2-naphtheemmonia complex obtained
systems. Moreover, Iwasaki et al. used the basis set withoutby rotationally resolved laser-induced fluorescence (LIF) mea-
polarization functions. Thus, some differences in optimized surement$? as well as the experimental value determined for
parameters are observed (Table 1). As follows from Table 1, the HO—NH3; complex (2.98 AY3 Moreover, a similar value
the results calculated at the DFT/BLYP level with the 6-31G- has been theoretically predicted at the MP2/D95(d) I1&/€he
(d,p) basis set showed a good overall agreement with thoseincreasing strength of the hydrogen bond is reflected in the
obtained at MP2/D95(d) levék Since the proton donor values of interaction energy going from the complex formed

Structure
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TABLE 2: Calculated Intermolecular Frequencies (in cm™1) for the Phenol Derivative—Ammonia Complexe$

phenol 2,6-difluoro-  2-fluoro-4,6-
p-nitrophenol  pentafluorophenol  4-nitrophenol  dinitrophenol
exp’ HF¢ HFd MP2 B3LYP' B3LYPY B3LYPY B3LYP¢ B3LYPY B3LYPY
p1 31 35 38 33 35 22 20 22 31
T 37 39 41 62 55 33 44 51 36
p1 60 64 67 66 68 69 63 95 94 90
o 164 165 184 188 202 197 190 187 202 202
02 242 291 284 287 270 308 294 318 328
pa 322 305 355 322 329 314 333 442 447 467

@ Abbreviations: p1, p2, rocking,z, torsion;$s, 5., wagging,o, hydrogen bond stretching. Full list of geometrical parameters as well as frequencies
are available from the authors on the reque&xperimental values obtained by jet-cooled spectroscopy in supersonic jets from té&fran ref
26, calculated with the 6-31G(d,p) basis $&from ref 27, calculated with the 6-31G basis $é&trom ref 32, calculated with the D95(d) basis set.
fFrom ref 33, calculated with the DZP basis $€this work.

TABLE 3: Experimental and Calculated Values of the OH Stretching and Torsion Vibrations for the Phenol
Derivative—Ammonia Complexes

phenol p-nitrophenol  pentafluorophenol  2,6-difluoro-4-nitrophenol  2-fluoro-4,6-dinitrophenol
exp calc calc calc calc calc
v Av W Aw W Aw w Aw w Aw w Aw
OHsretcn 32948 —469 3156 —508 3006 —648 2851 —780 2730 —886 2593 —980
OHuors 822 882 498 961 559 976 578 1034 564 1087 544

aFrom ref 28.> From ref 27.¢ From ref 1.

between the weakest acid and ammonia to the strongest oneperpendicular to the phenol molecular plane, are denatadd

As follows from Table 1, the interaction energy corrected for p,, the wagging modes, parallel to the phenol plgheandf.,

BSSE changes from7.45 to—13.12 kcal/mol. the torsion moder around the hydrogen bond axis, and the
The intermolecular distance for the other complexes studied hydrogen bond stretching mode

in this work are shorter due to the higher acidity of the phenol  Since the vibrations labeles, 7, andf, have small reduced

derivative involved in the hydrogen bonding. For example, the masses as well as small frequencies and therefore large

distance in the 2-fluoro-4,6-dinitropheregdmmonia R = 2.666 vibrational amplitudes, they are expected to be inappropriately

A) complex is definitely smaller than in the pher@mmonia described within the harmonic approximati#rt*Nevertheless,

system R = 2.824 A). This result is consistent with the the lack of experimental values fpg andz bands, due to their

hydrogen bond in 2-fluoro-4,6-dinitrophereimmonia being low intensities, hinders corroboration of that fact.

much stronger than that in pherd\H3. It was noted previously for the phenaH,O complex that
The hydrogen bonds in phenol derivativemmonia com-  the anharmonic correction for the, mode is important?
plexes are distorted from a linear arrangement by & (see However, both our calculations and the work published eatlier

Table 1). The distortion is the largest for the strongest hydrogen showed that for the phenoNHs complex, thej, harmonic
bond (2-fluoro-4,6-dinitrophenol). The deviation from linearity Value is in nearly perfect agreement with experimental data.
for the phenokNHs complex, calculated at the DFT/BLYP  Similar results were obtained recently at B3LYP/DZP I€¥el.
level, is somewhat smaller compared to the MP2/D95(d) level. Although it can be the result of error cancellation, it seems that
It may be either an effect of DFT or the result of the smaller in this case the anharmonic correction is not necessary.
basis set used. On the other hand, its value is slightly larger ~On the other hand, for the vibrations denotegBs, andps,
than for the phenetH,O complex (3.8 at the HF/6-31G(d,p)  the harmonic approximation gives relatively good agreement

levely due to the stronger sterical interaction in complexes with With experimental values as was presented previously for the
ammonia than with water molecule. phenol-H,O complex?44Moreover, the harmonic description

turned out to be quite reasonable in reproducing khtland
H-bond stretchy in the phenot-NH3; complex as can be seen
from Table 2.

Since the detailed interpretation of the vibrational spectrawas The calculated intemolecular-©N stretch frequenciess]
not the main focus of our investigations we have concentrated are close to the value of 200 cfand are in the range normally
only on the vibrations sensitive to the hydrogen-bond formation. expected for the hydrogen-bonded complexes in the gas phase.
Moreover, the assignment for low-frequency intermolecular Moreover, detailed analysis of the values presented in Table 2
vibration has been made. The investigated bands for the phenol shows very small blue shifts when going to the more acidic
NHs complex have been compared to existing experimental phenol derivative, and the relation with the interaction energy
dat&® as well as the results recently calculated by Re 8 al. is not linear. It is difficult to explain this fact but anharmonic
and otherg5.27.32 effects may play some role.

Because of the hydrogen-bond interaction between phenol In summary, the intermolecular frequencies calculated at the
derivatives and ammonia, six intermolecular vibrations arise. BLYP/6-31G(d,p) level for the phenelammonia system are
The calculated harmonic DFT(BLYP)/6-31G(d,p) frequencies in quite good overall agreement with available experimental
are presented in Table 2. Two of them are the rocking modes data, which confirms the reliability of the present band assign-
of A" symmetry, and the next two are wagging modes bf A ment for the concerned bands in other investigated complexes.
symmetry. Moreover, one'Atorsion mode and the'Aydrogen Thus, it is concluded that the predicted infrared spectrum for
bond stretch are present. According to the nomenclature the phenotNH; complexes, shown in Table 2, should also be
published by Schu et al.4 the rocking modes, approximately reliable.

Vibrational Spectra
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Figure 4. Correlation between red shift of the OH stretching vibrations
and interaction energies of studied complexes.
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Figure 5. Correlation between the blue shift of the OH torsion
vibrations and interaction energies of studied complexes.
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With respect to the intramolecular modes, the most sensitive
due to the hydrogen bonding are OH stretching, bending, and
torsion modes. The OH bending vibration, however, is strongly
coupled with other vibrations. As thg-OH normal mode
contributes to several bands and its percent contribution to them
is not significant, the assignment is not unigue. Thus, we

J. Phys. Chem. A, Vol. 104, No. 5, 2000007

and pentafluorophenslammonia systems, it is structurally
related to the latter and therefore the values of OH torsion shift
for these complexes are of similar value. Because of the steric
effects as well as the influence of nitro substituent, the OH
torsion shift for the 2-fluoro-4,6-dinitrophenemmonia com-
plex is smaller than for the rest of the complexes formed by
other substituted phenols. Moreover, in the two strongest
systems, namely 2,6-difluoro-4-nitropher@mmonia complex
and 2-fluoro-4,6-dinitrophenelammonia complex, the distance
between the OH group hydrogen and fluorine atom is about 2
A, which suggests the intramolecular hydrogen bond formation.

Conclusions

1. All the phenol derivatives considered in this study form
relatively strong hydrogen-bonded complexes with ammonia
subunit. The growth of acidity of proton donors, as indicated
by the experimental i, values as well as by the calculated
deprotonation energies, reflects in the increase of binding energy.
For all the complexes studied, the hydrogen bridge is almost
linear.

2. The geometrical parameters related to the phenolic ring
are not particularly sensitive to the hydrogen-bonding formation.
Only for the OH and CO bond lengths, significant changes are
observed. Despite successive elongations of the OH bond lengths
along with the shortening of CO bond lengths, no proton transfer
is noted for phenetamine complexes in the gas phase. All
investigated complexes are of molecular type.

concentrate on the frequencies connected with OH stretch and 3. The calculations for the phenedmmonia complex

torsion vibrations. As can be seen from Table 3, the frequency
shifts, associated with the "Atorsional mode and the 'A
stretching mode, are large. The computed shift of the OH
stretching mode in the phenrolNH3 system with respect to that

in isolated phendf (—508 cntl) is larger than the value
obtained experimentally for this compfx—469 cntl). On

reproduce the experimentally obtained large red shifts of the
OH stretching mode of the proton donor subunit. Moreover,
the calculated\woy follows the increased strength of hydrogen-
bonded complexes and almost linear correlation between the
Awon and AECP of phenol-amine is observed.

the basis of this comparison, one can conclude that the predicted Acknowledgment. The authors thank the PoZh&@uper-

frequencies for OH stretching mode in the other complexes are
also slightly overestimated. It can be seen, however, that the

computer and Networking Center as well as Wroctaw Super-
computer and Networking Center for a generous computer time

calculated values are reasonably correlated with the strength ofgrant. Dariusz C. Bigko is thanked for helping us with PED

the hydrogen bond in investigated complexes.

calculations.

Since the acidities of phenols increase, this result suggests a

correlation of red shifts of hydrogen-bonded OH stretching
frequencies with respect to the interaction energies of investi-
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