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Theoretical Evidence for a NH--XC Blue-Shifting Hydrogen Bond: Complexes Pairing
Monohalomethanes with HNO

Mohammad Solimannejad*
Quantum Chemistry Group, Department of Chemistry, Arakvehsity, 38156-879 Arak, Iran

Steve Scheiner*
Department of Chemistry and Biochemistry, Utah Statevehsity, Logan, Utah 84322-0300

Receied: March 1, 2007; In Final Form: March 23, 2007

Correlated ab initio calculations are used to analyze the interaction between nitrosyl hydride (HNO) and
CHsX (X = F, Cl, Br). Three minima are located on the potential energy surface of each complex. The more
strongly bound contains a NHX bond, along with CH:-O; CH---O and CH--N bonds occur in the less
stable minimum. Binding energies of the global minimum lie in the range eflBlkJ/mol, and there is little
sensitivity to the identity of the halogen atom. Unlike most other such hydrogen bonds, the NH covalent
bond in this set of complexes becomes shorter, and its stretching frequency shifts to the blue, upon forming
the NH--X hydrogen bond. The amount of this blue shift varies in the order €l > Br.

1. Introduction acceptor is changed to oxygen, Yang et al. n#ftduat the NH
stretch shifts to the blue, in contradiction to the earlier finding

The importance of noncovalent intermolecular interactions . h
P of a red shift for NH:-O bonds?° Liu et al. also observed blue

in many areas of contemporary chemical physics has been™ ©'* i
demonstrated in numerous studies of such systefmsong all shifts in the NH--O hydrogen bonds of the HNO dim&tthe
noncovalent interactions, the hydrogen-bonding types are par-N~H bond also shifts to the blue when interacting with the
ticularly significant. A large number of studies devoted to the 7-Pond of ethylen&®In summary, one is left with a number of
hydrogen-bonding phenomenon have been published from bothresults, some in apparent contradiction with one another, 'and
experimental and theoretical viewpoiRfMost hydrogen bonds ~ Certainly with no obvious patterns. In an effort to help clarify
are of the X-H-++Y type, where X is an electronegative atom the S|tuat|on,_ thls_ Wor_k con5|de_rs the HNO molecule as a proton
and Y is either an electronegative atom having one or more donor, allowing it to interact with CX, where X=F, Cl, or
lone electron pairs, or a region of excess electron density like Br- This work reports the first observation of a case where a
an aromaticr-systentS These hydrogen bonds are of great N—H donor interacts with the halogen of a& acceptor group
interest for a number of reasons, including the proton transfers and thereby shifts its stretching frequency to the blue.
that can take place within thefn® From a more practical perspective, noncovalently bonded
Recently, a new type of intermolecular bond, commonly complexes of ChX (X = F, Cl, Br) are of prime importance
designated as a blue-shifting hydrogen bond, characterized byin atmospheric chemistry as many of the processes that degrade
X—H bond contraction and a blue shift of the—X bond ozone involve halogen-containing species. In particular, methyl
stretching frequency, continues to receive a good deal of chloride and methyl bromide are important atmospheric trace
experimental and theoretical attentibrt® The majority of these  gases (tropospheric mixing ratios of 12 and 600 pptv, respec-
blue-shifting hydrogen bonds contain a-8 group as the donor, tively) that contribute directly to stratospheric ozone depletion.
but there have been a small number of exceptions observed |t is important to stress that GX species could be easily formed
such as the NH donor. Given the small number of observations in the environmentimportant sources of C4€1 include oceanic
of the latter, it is perhaps not surprising that the pattern remains emissions, biomass burning, tropical forests; tropical plants may
inconsistent. For example, some calculations in 2082  also be important sources of natural §B28 At the same time,
predicted that the NH bond obRH will shift to the blue when  HNO is important in processes such as pollution formation,
bound to FH, but to the red if hydrogen-bonded to eithe,OH energy release in propellants, and fuel combustidrherefore
or NHz.20 In contradiction to this finding, 3 years later Lu and complexes that combine HNO with GM are of paramount
co-worker§? computed the opposite trend of a red shift fer F interest in the field of atmospheric chemistry. Despite the
NH---FH at the DFT level with three different basis sets. potential importance of these complexes there is available in
Consistent with the latter DFT data, another investigation in the Jiterature neither theoretical nor experimental information
that same year found red shifts for the—N stretching  yegarding the interaction of HNO with any of the monohalom-
frequencies in the AMH-++(FH), and FNH-++(FH), (1 < n < ethanes. The present work thus reports a detailed examination

3) complexes, this time at the MP2/cc-pvdz le¥Yet at the  of the stabilities, electronic structure, and vibrational frequencies
same time the stretching frequency shifts to the blue when N is 4 these complexes.

replaced with its P and As congeners. When the halogen Interestingly, both the HNO and GM molecules may act
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in Table 1 with two different basis sets, for purposes of
comparison and consistency. The aug-cc-pvdz set is somewhat
larger, and it is probably more reliable than is 6-313(d,p).
Results with the larger set indicate that the S1 arrangement is
preferred over S2 by about 2 kJ/mol, regardless of the nature
of the halogen. With regard to the identity of the halogen, there
is an interesting oscillation of the results. That is, whereas Br
forms the stronger complex with respeciAg, it is the X=F
complex that is more strongly bound after removal of basis set

superposition error; however, the situation reverses once again

after zero-point vibrations are included. The 6-3Q(d,p) basis

¥ set more consistently shows % F to be the most strongly
S2 bound S1 complex. Perhaps most importantly, both basis sets
‘\\ agree that S1 is of lower energy than S2, and that the
G counterpoise-corrected interaction energy of either S1 or S2 is

most negative for X= F.

S3 is considerably more weakly bound, involving neither the
HNO proton nor the halogen atom in any interaction. The
binding is due instead to cohesive attractions between the three
methyl protons and the O and N atoms of HNO. These forces
are weaker than the NHX hydrogen bond of S1 and S2, with
a total interaction energy roughly half that of the latter two
structures. Since the halogen is not directly involved, it is not
surprising to observe that the binding energy of S3, after
counterpoise correction, is some 5.8 kJ/mol with the larger basis

; set, virtually invariant to the identity of the X atom. Similar
r invariance is noted with 6-3#1G(d,p), albeit the S3 geometry

N
5]

does not appear to be a true minimum for=XClI.

Some of the key geometrical parameters optimized for these

Figure 1. Geometries Qf optimized structures of complexes pairing complexes are displayed in Table 2. Considering first the H
CHeX (X = F, Cl, Br) with HNO. -X hydrogen bonds in S1 and S2, itis first clear that this distance
elongates as one progresses from F to Cl to Br, in line with the
increasing size of the halogen atom. More importantly, for any
one halogen atom, this hydrogen bond is shorter for S1 than
for S2, by anywhere between 0.17 and 0.26 A. The other
hydrogen bond in these two structures, between the methyl H
and the O (S1) or N (S2) atom is also consistently longer for
the S2 geometry than for S1, by about 0.1 A. The strengths of
the shorter hydrogen bonds in S1 are likely reinforced by the
lesser angular distortion. The angularities of these hydrogen
"honds are closer to the linear value of 180 S1, particularly
in the case of the NH-X angles, wherein the hydrogen bond
in S1 is more linear than that in S2 by -380°.

The next few rows of each section of Table 2 report how

Calculations were performed using the Gaussian03 systemsome of the internal bond lengths in the two monomers are
of codes’” The geometries of the isolated @kland HNO affected by the formation of the complex. The(NH) values
molecules and their complexes were fully optimized at the MP2 are all negative, indicating that this hydrogen bond contracts
level, using both the aug-cc-pvdz and 6-314(d,p) basis sets.  ypon complexation. Such a contraction in &M covalent bond
The modified GDIIS algorithm was implemented in searches g extremely rare; this bond normally lengthens when a hydrogen
for stationary point§2 Harmonic vibrational frequency calcula-  pond is formed. It may be noted that the degree to which the
tions confirmed the structures as minima and enabled the NH pond contracts is largest for % F and smallest for ¥=
evaluation of vibrational frequencies. The counterpoise (CP) By, The next row in Table 2 illustrates that a contraction occurs
proceduré 35 was used to correct for basis set superposition g5 well in the hydrogen-bonding-G4 bond, albeit to a much

the least of which are cyclic structures. Of more fundamental
interest, these complexes contain a variety of different weak
hydrogen bonds, namely, NHX and CH--O. The absence of
any conventional, stronger hydrogen bonds, e.g..-€@ allows

an unobstructed view of these weaker interactions and, in
particular, examination of the relative strengths of each such
hydrogen bond. The cyclic nature of the complexes allows one
to consider how these weak interactions affect one another whe
they occur simultaneously.

2. Computational Details

error (BSSE). lesser extent. The succeeding rows show that the intera3 C
. . bond of the methyl halide, and the=®D bond of HNO, both
3. Results and Discussion elongate when the hydrogen bond is formed.

Three separate minima were identified in the potential energy  The H--O,N hydrogen bond lengths in the S3 complex are
surface of each complex pairing HNO with @ As may be generally longer than in S1 and S2. Those involving the O atom
seen in Figure 1, all three minima contain more than one as acceptor are 3.0 A or longer; these bonds grow longer as the
interaction that could fairly be categorized as a hydrogen bond. halogen progresses from F to Cl to Br. The bonds involving
In the two most strongly bound complexes, the HNO donates athe N atom are much shorter, and obey the opposite trend,
proton to the halide atom. In S1 the O atom of HNO accepts a shortest for Br. The next three rows document the shortening
proton from the methyl group of G, while it is the N atom of the three methyl €H bonds, most notably for the proton
that accepts the proton in S2. Interaction energies are reportedhat interacts with the N atom.
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TABLE 1: Binding Energies (kJ mol~1) and Enthalpies for the Association of CHX (X = F, CI, Br) with HNO

MP2/ aug-cc-pvdz MP2/ 6-3#1.G(d,p)
X AE AECP2 AEP AH(298 K) AE AE®P2 AEP
S1
F —15.54 —12.42 —11.26 —9.37 —15.10 —11.00 —10.73
Cl —15.87 —11.47 —-11.72 —9.86 —13.93 —8.27 —10.17
Br —17.50 —-11.29 —13.24 —11.45 —13.27 —8.80 —9.57
S2
F —13.53 —10.53 —10.00 —7.74 —12.36 —9.45 —-8.77
Cl —13.87 —10.01 —10.64 —8.26 —13.08 —7.44 —8.93
Br —15.15 -9.84 —12.02 —9.51 —12.59 —7.95 —8.60
S3
F —9.53 -5.81 —5.86 —4.01 —7.01 —4.63 —4.48
Cl —9.70 —5.82 —6.30 —4.21 c c c
Br —9.10 —5.74 —6.70 —4.47 —6.98 —4.35 —4.75

a AE refers to the interaction energy after counterpoise correcti@;- CC. P AE, represents energy of complexation including €ZPE.
¢S3 is not a minimum on the MP2/6-31G** surface for X= CI.

TABLE 2: Intermolecular Distances (R, in A), Angles @, in TABLE 3: Unscaled Harmonic Vibrational Frequencies
degree), and Changes in Internal Bond LengthsAr, in mA) (cm~1) Computed for S1 Complexes at MP2/aug-cc-pvdz
Occurring upon Formation of Complexes, Computed at Level
MP2/aug-cc-pvdz Level X — X=Cl X —Br
F Cl Br ONH
S1 N—O stretch 1469 1466 1466
R(H-+-X) 2.180 2.648 2.752 ONH bend 1590 1586 1588
R(O---H) 2.638 2.519 2.509 N—H stretch 3117 3082 3074
O(NH---X) 147 146 146 CHaX
ber--0) 128 142 13 C—X stretch 1011 738 627
Ar( ) bending motions 1185 1036 978
r(CH) 2 -1 -1 1187 1040 983
Ar(CX) 10 ! 3 1462 1364 1327
Ar(ON) 4 3 3
s2 1486 1470 1463
RH-X) 2354 2910 29% CH stetch G008 3100 ain
R(N---H) 2.728 2.609 2.609 3213 3228 3235
O(NH---X) 117 107 114 3224 3241 3284
6(CH:---N) 117 131 135
Ar(NH) -5 —4 -3 intermolecular
Ar(CH) -1 -0.9 —0.5 23 24 25
Ar(CX) 8 7 4 54 62 54
Ar(ON) 2 0.9 1 CH:--O stretch 74 75 80
s3 101 108 108
R(N-++H,) 2.713 2.630 2.617 NH---X stretch 154 138 138
R(O-++Hp) 2.975 3.119 3.138 ONH torsion 164 163 184
R(O++H,) 2.992 3.120 3.138
Ar(CH,) -15 -1.3 -15 _ o _
Ar(CHy) -0.6 —-0.3 —0.4 TABLE 4: Changes in Selected Vibrational Frequencies
Ar(CHy) -0.6 -0.3 —-04 (cm™1) Occurring within S1 ONH ---CH3X Complexes
The h ic vibrational f ies for the most strongl ONH
e harmonic vibrational frequencies for the most strongly N—H stretch 1112 177 169
bound S1 complexes are reported in Table 3. The intramolecular  oNH bend 421 +17 +19
modes are reported first, followed at the lower part of the table CHX
. . . . . 3.
by the |nt.ermolecular vibrations. The higher NFEK stret.chlng CH symmetric stretch +8 44 +3
frequencies, as compared to the <@ stretches, confirm the C—X stretch —25 —12 -6

supposition that the former represent stronger bonds. These

frequencies are not very sensitive to the nature of the halogen, = =

consistent with the behavior of the binding energies in Table 1. differing in only one atom from the HNO partner molecule here.

Some of the most interesting aspects of the vibrational analysis The OOH:-CHzX complexes which are similar to the S1

are contained in Table 4, which focuses upon changes in theStructure here were bound by some-28 kJ/mol, nearly twice

frequencies of the monomers when the complex is formed. Both @s strong an interaction as the HNO complexes. Moreover, the

the NH and CH stretching frequencies that describe the proton OH-+*X bonds were roughly 0:30.4 A shorter than the NH

donors are shifted to the blue. The blue shift of the NH stretch *X bonds considered here, consistent with the stronger bonding

is opposite to the normally observed red shift, but is consonant of HOO. Some other properties that are consistent with the

with the contraction noted above for its equilibrium bond length. weaker interaction of HNO are the lesser stretch of theXC

In both the NH and CH cases, the amount of the blue shift bond in CHX, and its accompanying smaller red shift, as well

diminishes upon going from F to Cl to Br. as the lesser blue shift in the-® stretching frequency. One
Our recent calculatiod$considered the methyl halides and point of distinction, and a notable one, is that thel®covalent

the complexes which they formed with the OOH radical, bonds of OOH were stretched and manifested a red shift, while
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TABLE 5: Properties Calculated for ONH ---CH3F
Complexes at B3LYP Level with Two Different Basis Sets

aug-cc-pvdz 6-311G(d,p)
without CC  with CC  without CC  with CC

S1
AE®P kJ/mol —9.69 —9.70 —11.38 —11.40
R(NH-+-F) 2.232 2.245 2.181 2.203
R(CH:--O) 2.790 2.805 2.798 2.817
Ar(NH), mA -6 -6 -7 -7
Ar(CH), mA -2 -2 -2 -2
Av(NH), cmt 104 102 125 122
Ay(CH), cn1? 24 25 29 28

S2
AE®P kd/mol —7.54 —7.57 —8.94 —8.92
R(NH-+-F) 2.363 2.377 2.287 2.327
R(CH:+-N) 2.960 3.052 3.123 3.073
Ar(NH), mA -6 -5 -6 -6
Ar(CH), mA -1 -1 -1 -1
Av(NH), cm? 90 85 112 105
Ay(CH), cn1? 16 17 19 19

S3
AE®P kJ/mol —2.53 —2.61 —2.97 —3.03
R(CHz+*N) 2.909 3.232 3.158 3.227
R(CHy:+-O) 3.237 3.276 3.144 3.263
Ar(CHy), mA -1 -1 -1 -1
Av(CHg), cn? 14 11 14 13

a Geometries optimized both without and with counterpoise correc-
tions (CC).P AE refers to the interaction energy after counterpoise
correction,AE + CC.

the N—H bond of HNO is contracted and its stretching frequency
shifted to the blue. Another interesting contrast is the elongation
of the ON bond within HON upon complexation, as compared
to the shortening of the OO bond of OOH.

From a methodological perspective, there might be some
interest in how well weakly bound systems such as these might
be treated by density functional methods. A second issue
concerns how much the results might be affected if basis set
superposition is corrected as part of the geometry optimization
process, rather than simply applying the counterpoise correction
to the structure optimized on the uncorrected potential energy
surface. In order to address these issues, an additional set o
calculations was performed for all three of the minima identified
on the ONH--CHjsF surface. The currently most popular B3LYP
variant of DFT was chosen, and it was applied to both the aug-
cc-pvdz and 6-31tG(d,p) basis sets. In both cases, the
geometry was fully optimized both with and without counter-
poise correction of the surface.

The binding energies displayed in the first row of each section
of Table 5 make it immediately clear that the counterpoise
correction of the surface during the optimization procedure
affects the final quantity hardly at all. Also suffering only very
minor changes are the contractions of the-fl and C-H
covalent bond lengths, as well as the amounts of the blue shifts
of their stretching frequencies. Somewhat more sensitive to
counterpoise correction of the surface are the intermolecular
distances. In the case of the S1 complex, for example, and with

the aug-cc-pvdz basis set, the hydrogen bond lengths stretctNi

by about 0.014 A as a result of correction of the surface. There
is a larger elongation of the GHN bond in the S2 complex;
the CH::N bond in the S3 structure stretches by 0.3 A

underscoring the flatness of this surface. Counterpoise also tends

to lengthen the hydrogen bond lengths of the 6-BG1d,p)

Solimannejad and Scheiner

internuclear distance in the 6-3tG(d,p) complex is a contrac-
tion by 0.05 A.

In terms of a comparison of the DFT with the more reliable
MP2 data, the two methods, with either basis set, and with or
without correction of the counterpoise procedure, all concur that
S1 is the most stable geometry, followed by S2 and then by
S3. There is also rough agreement concerning the energy
differences; namely, S1 is more stable than S2 by about 2 kJ/
mol, which is in turn more stable by some 5 kJ/ mol compared
to S3. However, the different methods differ in the quantitative
aspects. With the aug-cc-pvdz basis set, the B3LYP estimates
of the binding energies are too small by about 3 kJ/mol with
all three geometries. Curiously, though, the result is different
with the 6-31%#G(d,p) basis set, where the B3LYP and MP2
interaction energies are surprisingly close to one another. In
fact, it is interesting to note that whereas the MP2/aug-cc-pvdz
binding energies exceed the MP2/6-313(d,p) values by more
than 1 kJ/mol, the reverse is true at the B3LYP level, where
the latter basis set provides considerably stronger interaction
energies.

Concerning geometric and spectroscopic data, the B3LYP
intermolecular hydrogen bond lengths tend to be longer than
the MP2 values, but there is solid agreement concerning the
effects of the complexation upon the internal bond lengths. The
blue shift of the NH stretching frequency of the most stable S1
complex was predicted to be 112 chfor the NH bond at the
MP2/aug-cc-pvdz level (see Table 4), which is reproduced quite
well by the B3LYP/aug-cc-pvdz calculation which provides a
value of 104 cm?. On the other hand, the MP2 blue shift of
the CH bond in the same complex of 8 chis strongly
exaggerated by the B3LYP approach which estimates this
property to be three times higher.

4. Conclusions

In summary, the complexes pairing HNO with the methyl
halides contain three minima, one of which is more weakly
bound than the other two, due to the presence of only-@H
or CH---N hydrogen bonds. The global minimum is cyclic in
Fharacter, bound by roughly 1.2 kJ/mol, and contains a NH
--X and a weaker CH-N bond, both of which are angularly
distorted. There is not much distinction betweer=X¢, Cl, or
Br in terms of total binding energy. Perhaps the most surprising
finding is that the N-H covalent bond of HNO is shortened by
the interaction, while undergoing a blue shift in its stretching
frequency. This behavior is in clear contrast to the complexes
pairing CHX with OOH, wherein the OH bond of the OOH is
stretched and shifts to the red, a more expected trend for such
hydrogen bonds.
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