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Substituent Effects on the Blue-Shifting Hydrogen Bonds be-
tween X - C=C - CF, - H and Water
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MP2/6-31 + g(d) calculations were performed verifying the
existences of blue-shifting X — C= C - CF, -~ H:--OH, hydro-
gen bonds. Detailed analyses revealed that the interaction en-
ergy and donor-acceptor distance had good correlations with
the substituent Hammett constants. However, the extent of
C—H bond contraction and the blue shift of the C—H
stretching vibration did not show any good correlation with the
traditional substituent constants, indicating that certain more
complicated mechanisms might be involved in the present sys-
tems. Nevertheless, it was found that highly electron-with-
drawing susbtituents were not favorable to the C—H bond
contraction, and it was suggested that the attractive interac-
tion between water and the carbon of — CF,H probably
played an important role in the blue shift.

Keywords hydrogen bond, blue shift, vibration, bond con-
traction, substituent effect.

Introduction

Hydrogen bond is crucially important in chemistry
and biochemistry fields. Therefore, people have been
showing tremendous interest in the details of this interac-
tion for many years. Usually, it was believed that the
formation of X—H--Y hydrogen bond should result in
the elongation of the X—H bond and concomitantly red
shift of the X—H stretching vibration frequency. How-
ever, it was recently found both experimentally' and the-
oretically’ that blue-shifting hydrogen bonds also exist,
where the X—H bond surprisingly contracts upon hydro-
gen bond formation.

So far a number of blue-shifting hydrogen bonds
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have been studied, but many important aspects of the
blue-shifting hydrogen bonds still remain unknown.? For
example, the substituent effects have not been investi-
gated on the blue-shifting hydrogen bonds, which, how-
ever, should be able to provide much important informa-
tion about the interaction. Thus, we performed a high-
level ab initio computational study on the substituent ef-
fects in X — C=C - CF, — H:+-OH, hydrogen bonding.

Methods

All the calculations were performed with GAUS-
SIAN 98.* The monomers and complexes were optimized
with MP2/6-31 + g(d) method, which is quite CPU-
consuming for the present systems, but is necessary for
the reliability of the calculations on noncovalent interac-
tions.> Frequency calculations were also performed at
MP2/6-31 + g(d) level, which confirmed that the opti-
mized complexes corresponded to true minima as no neg-
ative vibration frequency was found. Interaction energy
was computed as difference in energy between the com-
plex and the sum of isolated monomers, and basis set
superposition error (BSSE) was corrected by the coun-
terpoise procedure of Boys and Bernardi.’

Results and discussion

In Fig. 1 is shown a typical X - C=C-CF, - H
---OH, hydrogen bond at its energy minimum, whose
major structural parameters are summarized in Table 1.
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Table 1 Structural parameters of the X - C=C - CF, - H:*+OH, hydrogen bonds
C—H bond length ( x 10! om)
X C:++0 distance C-H:-0 angle
In the monomer In the complex Variation (AL) (x107"! nm) (deg.)
H 1.0911 1.0890 -0.0021 3.2520 175.491
F 1.0909 1.0887 -0.0022 3.2502 179.117
a 1.0913 1.0890 -0.0023 3.2481 177.5711
OH 1.0911 1.0888 -0.0023 3.2629 174.976
OCH; 1.0912 1.0891 -0.0021 3.2678 174.246
SH 1.0915 1.0893 -0.0022 3.2486 174.550
NH, 1.0914 1.0891 -0.0023 3.2770 172.150
NO, 1.0914 1.0896 -0.0018 3.2048 171.891
NHCH;4 1.0916 1.0892 -0.0024 3.2808 172.953
0G,Hs 1.0910 1.0889 -0.0021 3.2702 174.841

According to Table 1, the C:+-O distances (0.320—
0.328 nm) are of reasonable values for hydrogen bonds,
and the C-H--- O angles are all about 180 degree.
Therefore, it is apparent that the systems are stabilized
with C-H:--O hydrogen bonding, a weak non-covalent
interaction that recently has caused much attention.® It
should also be noted that the substituent groups are far
away from the hydrogen bond so that their influence to
the interaction should only be electronic in nature.

o

Fig. 1 Structure of optimized F — C=C ~ CF, - H**- 0, hy-
drogen bond.

Interestingly , according to Table 1 it is obvious that
all of the C—H bonds are shortened upon hydrogen bond
which means that the C—H bonds are
strengthened as it interacts with HO. This behavior is
also confirmed by the frequency calculations, with the

formation,

results summarized in Table 2 with the interaction ener-
gies. According to Table 2, the C—H stretching vibra-
tion frequencies increase upon the hydrogen bond forma-

tion (blue shifting), which presumably could be easily
observed with infrared spectroscopic studies.? The relia-
bility of this blue shift can also be shown by the excel-
lent correlation between the C—H bond lengths and
stretch vibration frequencies of the monomers as well as
complexes (Fig. 2). Thus, the blue-shifting hydrogen
bonding phenomenon is also verified in the present
study .

According to Table 2, it can be seen that the inter-
action energies of the C—H:*+O hydrogen bonds are de-
cently large. However, it should be noted that the BSSE
in calculation of the interaction energy is also nontrivial .
Therefore, failure to correct the BSSE in studying the
analogous systems might lead to erroneous results. Inter-
estingly, plotting the interaction energies and the C---O
distances vs. substituent o, constants give two straight
lines as shown in Fig. 3. Both the slopes are negative,
indicating that the more electron-withdrawing group
should enhance the strength of the hydrogen bonding.
Such a result is not hard to understand, as similar sub-
stituent effects were also found recently in the C—H--*N
(or O, F) hydrogen bonds between X - C=C - H and
NH;, H,0, and HF.”

However, it turns out that the extent of C—H con-
traction (AL) does not have any good correlation with
either substituent 6, or 6, constants. Only a marginally
acceptable correlation could be obtained even if the elec-
tronic effect is considered explicitly as its field/inductive
and resonance components.®

AL=0.0021-2.38F -3.66R (n=10, r=0.78)
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Table 2 C—H stretching vibration frequencies and interaction energies

C—H vibration frequency (em™!)

X BSSE Interaction
In the monomer In the complex Variation (Av) (kJ/mol) Energy (kJ/mol)
H 3189.402 3229.771 +40.369 2.70 -12.10
F 3190.506 3233.166 +42.660 2.73 -12.81
cl 3186.528 3229.740 +43.212 2.81 -12.49
OH 3185.173 3229.3%4 +44.221 2.76 -10.50
OCH; 3184.264 3229.162 +44.898 2.70 -9.82
SH 3182.444 3223.236 +40.792 2.91 -11.78
NH, 3182.127 3224.605 +42.478 2.70 -10.05
NG, 3189.182 3224.160 +34.978 2.89 -17.56
NHCH, 3180.151 3223.697 +43.546 2.68 -9.63
0GH; 3183.578 3228.800 +45.222 2.76 -9.48
~ that the electron-withdrawing substituents do not favor
g 3240 the blue shift, as stronger electron-withdrawal increases
é: 3230 1 Y the hydrogen bonding interaction energy.
é‘ 3220 1 - P
& 32101
g -10 1
S 3200 R
£ 31901 N . g 1?7
E 3180 A , ' ‘ I 5 -14 1
l!) 1.0885 1.0895 1.0905 1.0915 16
C—H bond length (100 pm)
Fig. 2 Correlation between the C—H bond lengths and e 54 92 0005 04 05 U3
stretching vibration frequencies of the monomers as S
well as complexes.
3.29
3.284
This indicates that certain electronic effects other 327]
than normally known ones may be involved in blue-shift- 8 3.6
ing hydrogen bonding. It is clear that electron-withdraw- g 3.251
ing substituents do not favor the blue shift, as the corre- 8 3.241
lation coefficients before F and R constants are both S zi;
negative. The conclusion is also supported by the fact 3221:
that the NO, substituted system has the smallest value of 3201 *
C—H contraction. 08 -06 04 -02 0.0 02 04 0.6 08
In agreement with the above result, the extent of Sp ‘
vibration blue shift does not have any good correlation Fig. 3 Substituent effects on the interaction energies and

with the normally used substituent constants (e. g. o,
c; , F, and R), either. It should be mentioned that
the correlation between the variation of the vibration fre-
quencies (Av) and the hydrogen bonding interaction en-
ergies is good as shown in Fig. 4. This again indicates

C+++O distances.

In order to understand the substituent effects on the
blue-shifting hydrogen bonds further, we then calculate
the Mulliken charges and energies of the frontier orbitals
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Table 3 Mulliken charges and energies of the frontier orbitals of the systems
Muﬂlken charges Mulliken charges in the complex HOMO of LUMO of
X in the monomer
X-C=C-Ch-H  X-C=C-CR-H
C(-CF,-) H(-CFH) C(-CF,-) H(-CFH) X-C=CCF-H
H 0.8498 0.2235 0.5091 0.3017 - 0.00462 -0.4294 0.0665
F 0.8820 0.2258 0.5242 0.3041 - 0.00407 —-0.4401 0.0623
c 1.0760 0.2249 0.6093 0.3034 - 0.00466 -0.4129 0.0522
OH 0.8094 0.2213 0.4359 0.2991 -0.00433 - 0.4038 0.0456
OCH; 1.0905 0.2188 0.7534 0.2964 - 0.00425 -0.3914 0.0691
SH 1.0012 0.2242 0.5293 0.3029 - 0.00464 -0.3712 0.0474
NH, 0.9603 0.2154 0.6956 0.2918 -0.00526 -0.3715 0.0451
NO, 1.2218 0.2432 0.8038 0.3219 -0.00387 -0.4794 - 0.0056
NHCH;  0.9399 0.2146 0.6856 0.2910 - 0.00490 -0.3578 0.0565
O0CGHs  1.1857 0.2176 0.8864 0.2953 - 0.00404 -0.3881 0.0721

of the monomers and complexes as summarized in Table
3. According to Table 3, the HOMO and LUMO ener-
gies are not hard to expect with the conventional theories
of substituent effect, as electron-withdrawing substituents
lower the orbital energy whereas the electron-donating
substituents make it higher. By contrast, it is quite in-
teresting to notice that both the C and H of ~ CF,H car-
1y positive charges in the monomer as well as in the com-
plexes, and the proton of — CF,H carries more positive
charge in the complexes than in the monomers whereas
carbon of — CF, carries less positive charge in the com-
plexes than in the monomers. The total effect is that in
the complex X —~ C=C - CF, — H always carries net

negative charge.

46 -
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40

Av (cm-1)

38 4
36 1

34

18 .16 -14  -12 -10 -8
AE (kJ/mol)

Fig. 4 Cormelation between the blue shifis of the C—H
stretching vibration and the hydrogen bonding inter-

action energies.

The above results may have some implications for

the mechanism of the blue shift. First, it should be no-
ticed that the traditional theory of hydrogen bonding is
not fully consistent with the blue-shifting hydrogen
bonds. According to the conventional point of view, the
formation of hydrogen bond (X—H:*-Y) should involves
the charge transfer from the hydrogen bond acceptor (Y)
to the X—H anti-bonding molecular orbital. The net ef-
fect should be the increase of electron density near pro-
ton, which is not observed here as proton carries more
positive charge in the complexes. However, the fact that
the electron density near proton is decreased here as a
result of hydrogen bond formation is not fully unexpect-
ed, if one notices that fluorination makes the carbon of
— CF,H highly electron deficient. This is substantially
different from the usual hydrogen bonds, where proton is
normally bonded to negatively-charged electronegative
atom. In other words, in addition to the interaction be-
tween proton and the hydrogen bond acceptor (H,0),
the interaction between carbon and HyO should also be
considered here. Presumably, this carbon-H,O attractive
interaction pushes the proton as well as its electrons from
H,0 to carbon, so that C—H bond contracts and H car-
ries more positive charge in the complex.

It should be mentioned that the charge transfer from
the hydrogen bond acceptor (Y) to the X—H anti-bond-
ing molecular orbital should still occur ‘in the
X - C=C- CF; - H-+-OH; complexes, which results in
weakening of the C—H bond. Intuitionally, a strongly
electron-withdrawing substituent should cause more such
charge transfer. Although this increases the hydrogen
bonding energy, it disfavors the C—H contraction at the
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same time. Therefore, stronger electron-withdrawing
substituent is not favorable to the blue shift hydrogen
bonds, as observed above. It could be expected that
stronger electron-donating substituent is not necessary to
favor the blue shift, because at that time the complexa-
tion should be energetically too weak.

Conclusion

In summary, MP2/6-31+g(d) method was used
to investigate the substituent effects on the blue-shifting
hydrogen bonds between X — C=C - CF, - H and wa-
ter, which showed that the interaction energy and donor-
acceptor distance had good correlations with the sub-
stituent Hammett constants. However, it was found that
the extent of C—H bond contraction and the blue shift of
the C—H stretching vibration did not show any good
correlation with the traditional substituent constants,
presumably because the factors determining their magni-
tudes were not covered by the usual substituent effects.
Nevertheless, it was shown that highly electron-with-
drawing susbtituents were not favorable to the C—H
bond contraction, and the attractive interaction between

water and the carbon of — CF,H might play an important
role in the blue shift.
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