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Theoretical calculations have been carried out using ab initio MP2 and B3LYP density functional methods
to investigate the interaction between fluorinated dimethyl ethers (ng = 1—5) and water. Depending on the
number of F atoms implanted on the dimethyl ethers, linear structures stabilized by intermolecular Oy Hy <O
or CH-++O,, hydrogen bonds or closed structures involving both hydrogen bonds are formed. Binding energies
of the hydrogen-bonded complexes range between 4 and 12 kJ mol™~!. Blue shifts of the CH stretching vibrations
are predicted even in the absence of a direct CH*++O interaction. The red shifts of the OH stretching vibrations
of water in the open and closed structures are analyzed as well. The natural bond orbital analysis includes the
0*(0OHy,) and o*(CH) occupation, the hybridization of the C atom, the atomic charges, and the intra- and
intermolecular hyperconjugation energies. These parameters are discussed as a function of the proton affinity
(PA) of the O atom and the deprotonation enthalpy (DPE) of the CH bonds of the fluorinated ethers calculated
in a previous work.'® Our results show that the effective PA in determining the intermolecular O — ¢*(O,H,,)
hyperconjugation energies decreases with increasing acidity of the CH bond. In turn, the effective acidity of
the CH bond in determining the intermolecular O,, — 0*(CH) hyperconjugation energies decreases with

increasing basicity of the O atom.

Introduction

Hydrogen bonding (HB) is one of the most important
noncovalent interactions and it plays a crucial role in under-
standing many chemical and biological processes, such as
arrangement of molecules in crystals, controls in biochemical
processes, stabilization of macromolecules, and so forth.'™3
Hydrogen-bonded complexes play an important role in climate
change as well.* The formation of a hydrogen bond X—H--*Y
results from the interaction between a proton donor X—H and
a proton acceptor Y bearing lone pair(s) or zz-deficient systems.
One of the characteristic features of classical hydrogen bonds
is the X—H bond lengthening with a concomitant red shift and
infrared intensity increase of the X—H stretching vibration.
These spectroscopic features are observed in the great majority
of complexes involving polar O—H or N—H groups. However,
experimental and theoretical studies have reported the existence
of blue-shifted hydrogen bonds in which hydrogen-bond forma-
tion leads to X—H (mainly CH) bond shortening and, most of
the time, an infrared intensity decrease of this vibration. This
past decade, these blue shifts received much attention from
theoreticians® and experimentalists.® Whereas some patterns
begin to emerge, there are not yet any accepted rules that allow
us to predict whether a given CH bond shifts to the red or blue.
Most of the studies have concluded that there is no fundamental
distinction between blue- and red-shifted hydrogen bonds.’
Briefly summarizing, let us say that following the rehybridiza-
tion/hyperconjugation mechanism, the C—H bond length should
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be controlled by two main factors acting in opposite directions,
namely the X—H bond lengthening due to an increase of the
occupation of the 0*(C—H) orbital by hyperconjugation and
the X—H bond shortening due to an increase in the s-character
of the X atom of the X—H bond.® Further, a necessary condition
for a proton donor A—H to form a blue-shifting H-bond should
be the presence of a negative dipole moment derivative with
respect to the stretching coordinate. ° In a recent paper, a large
number of blue-shifted H-bonded systems has been examined
and it has been concluded that the predominance of repulsive
or attractive forces results in a shortening or lengthening of the
group involved in hydrogen-bond formation.'* Interestingly, a
recent study on geometric isotope effects on various intermo-
lecular and intramolecular C—H+++O hydrogen bonds has
demonstrated that these hydrogen bonds can be categorized as
typical hydrogen bonds.!!

Further, blue shifts can also occur at those C—H groups that
do not participate directly in hydrogen-bond formation. This
effect has been observed experimentally for several decades'?!?
and is referred to as the “lone-pair effect” resulting from back-
donation of electronic charge from the lone pair(s) to the
antibonding 0*(C—H) orbital of the C—H bond in gauche
conformation with respect to the lone pair(s).!* This effect has
been discussed in recent works.!

In the present work, the interaction between dimethyl ether
(DME) and fluorinated dimethyl ethers (FDMEs, ng = 1 to 5)
and water is investigated. Fluorinated ethers can have different
conformations and the main factor governing the conformation
is the hyperconjugative effect taking place from the lone pairs
of the oxygen atom to the o*(CH) or ¢*(CF) antibonding
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Figure 1. CH' and CH® bonds in dimethyl ether derivatives.

orbitals in gauche position (Figure 1).!® A good method to
investigate this effect is to study the interaction with proton
donors, the lone pair(s) of the O atom being partially involved
in the formation of a hydrogen bond. Several experimental and
theoretical works have shown that DME can act as a proton
acceptor.!” This molecule can also act as a weak proton donor
and this has been suggested by the fact that it is able to form
dimers where the two molecules are held together through
CH-+-O hydrogen bonds.® As shown in a recent theoretical
work,'® fluorine substitution strongly decreases the proton
acceptor ability of the O atom and increases the acidity of the
C—H bonds. The OH bond of water can act as a proton donor
and its O atom as a proton acceptor. Therefore, it seemed to us
interesting to discuss to what extent the acidity and basicity of
FDMEs influence the formation of OH-<++O or CH-:--O
hydrogen bonds.

The present work is arranged as follows. In the first part, the
structure and binding energies are discussed. The second part
deals with the variation of the distances and vibrational
frequencies. In the last part, the results of a natural bond orbital
analysis are presented.

Computational Methods

The geometries of isolated DME and symmetric as well as
asymmetric substituted fluorinated ethers (F,H;—,COCF,H;_,,
n = 0—3 and m = 1—2) and their hydrogen-bonded complexes
with H,O were fully optimized by using the MP2 and B3LYP"
methods combined with the 6-311++G(d,p) basis set. Harmonic
frequency calculations were carried out at the same level to
characterize the stationary points. The vibrational frequencies
were retained unscaled, as our main interest is not to calculate
the accurate frequencies but the frequency shifts due to hydrogen
bonding. It should be pointed out that the fluorinated ethers can
have several conformations, but only the lowest energy con-
former was considered here. Charges on individual atoms,
hybridization, orbital occupancies, and hyperconjugative ener-
gies were obtained by the natural bond orbital (NBO) population
scheme,® using the B3LYP/6-311+4-+G(d,p) method and the
MP?2 optimized geometries. We could not perform NBO analysis
at the MP2 level because of a technical problem in Gaussian
03 program. Because B3LYP and MP2 results do not differ
significantly, we believe that our NBO analysis is consistent
and reliable. The hydrogen-bonding energies (—AEyg) of the
complexes were calculated from the energy difference between
the complexes and the monomers. The calculated —AEyg values
include the zero-point energy (ZPE) correction and the basis
set superposition error (BSSE) computed by the counterpoise
(CP) method.?' The Gaussian 03 package was used for all of
the calculations analyzed in the present work.??

Results and Discussion

1. Optimized Geometries and Binding Energies of the
FDMEs—H,0 Complexes. Several stable structures are found
on the potential energy surface (PES) of the FDMEs—H,0
complexes. These structures are illustrated in Figure 1 that also
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indicates the structure of the DME—H,0 complex useful for
the comparison. This complex is characterized by a quasi-linear
OyHy**+O; hydrogen bond. We note that the intermolecular
distance of 1.86 A is practically the same as the distance of
1.87 A calculated at the MP2/6-31 1++G(2d,2p) level.?® In the
CH;0CH,F - H,0 complex, the intermolecular distance of 1.920
A is longer than in the DME+H,0 complex. There is a departure
from linearity, the OyHy**+O angle being 163.2°. No classical
hydrogen bond is formed between the C3H8 group and the O,
atom, the H8+++O,, distance being as long as 3.071 A. However,
the O Hy,***O angle is smaller in the CH;0CH,F+H,0 complex
(163.2°) than in the CH;OCHj3+H,0 one (172.6°), which may
suggest a weak electrostatic interaction between the O,, and H8
atoms. In the CHF,0OCF;™*H,O complex, one stable linear
structure stabilized by a linear CH+-+O,, hydrogen bond is found
on the potential energy surface (PES). For the other FDMEs
containing 2, 3, or 4 F atoms, the most stable structures of the
H,O complexes are cyclic and characterized by OyHy,*++O1 and
CH---O,, hydrogen bonds.

It must be noted here that MP2/6-311++G(2d,2p) calcula-
tions have revealed two different structures between DME and
H,0,. The most stable structure is cyclic and is characterized
by OH-++O and CH*++O hydrogen bonds.>* We were not able
to find this type of structure for the DME—H,0 complex. Our
calculations indicate that the intermolecular distances Hy,*+-O1
increase from 1.860 to 2.269 A and that the intermolecular
OyHy++O1 angles decrease from 173 to 120° on going from
the DME-H,0 to the CH,FOCF;+H,0 systems, indicating a
decrease of the OyHy++O1 hydrogen-bond strength with the
increase in number of F atoms. Inversely, the intermolecular
H---0O,, distances decrease and the CH+++0O,, angles slightly
increase with the number of F atoms, indicating a strengthening
of the CH-++O,, hydrogen bond with increasing F substitution.
Comparison of the structures of the complexes between CHF;
and FDMEs is interesting. It has indeed been shown that, at
the potential energy minimum, the O atom acts as a proton
acceptor. For the complex between CH;OCF; and CHF;, the
CH bond of CHF; lies between the F and O atoms of the ether
derivative and, in the CF;OCF; complex, the ether O atom does
not act as a proton donor.'”

Our calculations indicate that for CH,FOCH,F, CH;0CHEF,,
and CH,FOCHF, complexes with H,O, linear CH++*O,, com-
plexes are also stable on the PES, although less stable than the
closed ones. It must be mentioned here that other stable
structures involving bifurcated (CH¢++O-+++HC) or CH:**F
hydrogen bonds are also found on the PES. These structures
and the corresponding binding energies are given in SI.1 of the
Supporting Information and will no more be discussed hereafter.

Table 1 contains the binding energies of the studied com-
plexes calculated with the MP2 and B3LYP methods. Both
methods show the same trend; the B3LYP binding energies for
the linear complexes are however higher than the MP2 ones.
In the further discussion, we will consider the MP2 energies
only. Table 1 also reports the proton affinity (PA) of the O atoms
and the deprotonation enthalpy (DPE) of the CH bonds involved
in the interaction with H,O, which have been calculated in a
previous work.'® It must be mentioned here that the PA of the
O atom decreases regularly with the number of F atoms
implanted on the FDMEs. This is not the case for the DPE of
the CH groups, the DPE being lower for the CH# than for
the CH' groups. The DPEs of the CH groups are larger for the
FDME:s bearing a CF; group. When F = 3 for example, the
PAs of CH;0OCF; and CH,FOCHF, are about the same (665 kJ
mol™") but their DPEs differ markedly, being 1633 kJ mol™!
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Figure 2. MP2/6-311++G(d,p) optimized geometries of DME and FDMEs complexed with one H,O molecule.
for the first molecule and 1572 kJ mol™' for the second one. and the acidity of water is higher than those of DME and its
These differences are important for the further discussion. Our monofluorinated derivative. Further, when both the PA of the

results show that the binding energies of the most stable O atom (608 kJ mol~!) and the DPE of the CH bond (1504 kJ
complexes range between —7.7 and —12.4 kJ mol™! (MP2 mol~!) are low, CH+++O hydrogen bond is preferred over the
calculations). The data can be discussed as a function of the OH-+-0O one. In this case, water is less acidic and more basic
acidities or basicities of the groups involved in the interaction. than CHF,OCF;. When the PA(O) values range between 635
When the PA of the oxygen atom of the ether derivative is equal and 708 kJ mol~! and the DPE(CH) values range between 1534
to 743 kJ mol~! or larger and when the DPE of the CH bond is and 1635 kJ mol™!, cyclic hydrogen-bonded structures are
equal to 1678 kJ mol~! or larger, the complexes are formed preferred over the linear ones. As illustrated in Figure 3, there
preferentially on the O atom. It must be remembered that the is for the most stable complexes an inverse correlation between
PA(O) of water is 691 kJ mol~! and the DPE of the OH bond the CH-+-O,, and OyHy,**+O1 intermolecular distances, indicat-
is equal to 1633 kJ mol ™. ?* Thus, the basicity of water is lower ing that, when the CH+++O,, hydrogen bonds become stronger,
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TABLE 1: Hydrogen-Bond Energies (—AEgg) of the Complexes between DMFEs and H,O Calculated at the MP2 (Full) and
B3LYP Levels with the 6-311++G(d,p) Basis Set; Proton Affinity of the Oxygen Atom [PA(O)] and Deprotonation Enthalpy for

the CH Bond [DPE(CH)] Involved in Hydrogen Bond Formation®

System —AE° PA(O) DPE(CH)*
MP2 B3LYP
CH;0CH;—H,0 12.4 (8.4, 8.4) 14.2 (7.9, 2.6) 791.0 1717.6
CH;0CH,F—H,0 10.1 (6.8, 6.9) 10.7 (6.5, 2.2) 7435 1677.8
CH,FOCH,F—H,0 (A) 7.7 (6.2, 6.5) 7.9(6.1,1.3) 703.8 1635.4
CH,FOCH,F—H,0 (B) 4.1(4.2,5.4) 5.8(3.7,1.5)
CH;0CHF,—H,0 (A) 8.0 (6.2, 6.5) 7.3(6.0,2.2) 707.7 1611.2
CH;0CHF,—H,0 (B) 5.1 (4.1,6.0) 75(3.7,1.2)
CH,FOCHF,—H,0 (A) 8.8(5.3,7.3) 7.9(5.7,2.4) 666.3 1572.1
CH,FOCHF,—H,0 (B) 7.5(4.2,63) 8.7 (3.9, 2.6)
CH;0CF;—H,0 8.7 (5.9, 6.6) 9.2 (5.8, 0.9) 665.2 1633.4
CHF,OCHF,—H,0 11.1 (5.5,7.3) 11.0 (4.8,2.4) 645.0 1534.1
CH,FOCF;—H,0 (A) 8.9(5.5,6.9) 7.9(5.5,2.3) 634.6 1589.0
CH,FOCF;—H,0 (B) 73 (4.4,5.9) 8.4(4.2,2,5)
CHF,OCF;—H,0 11.0 (5.1,9.3) 12.6 (4.3,3.3) 608.2¢ 1503.9

“Data are in kJ mol . ?The first entries correspond to the binding energies with ZPE- and BSSE-corrections; the ZPE- and
BSSE-corrections are indicated in parentheses. ¢ Ref 16; the DPE was erroneously indicated as 643.6 kJ mol ™! instead of 608.2 kJ mol .
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Figure 3. r(CH---O,,) as a function of (OyHy**-O1) (A).

the OyHy*++O1 hydrogen bonds become weaker. For the five
linear CH+-+O,, complexes, the lowest binding energy (—4.1
kJ mol™") is predicted for the CH,FOCH,F+H,O complex and
the largest binding energy (—11.0 kJ mol™") is calculated for
the CHF,OCF; complex. This is in agreement with the DPE
values of the corresponding CH bonds equal to 1635 and 1504
kJ mol ", respectively. For the five linear CH-++O,, complexes,
the binding energies are linearly correlated to the acidity of the
CH bonds. For the closed complexes, no correlation between
PA and DPE could be found. This may be accounted for by
the fact that, as previously mentioned, the intermolecular
OyHy*++O1 and CH+*-O,, angles vary within a broad range. A
correlation between hydrogen-bond energies and proton donor/
proton acceptor abilities was found in closed complexes
involving nucleobases and water only when the intramolecular
angles vary within a small range.?®

2. Variations of the CH and OH Distances and the v(OH)
Frequencies and IR Intensities. Table 2 reports the CH
distances in isolated FDMEs in the water complexes along with
the variation of the CH distances resulting from the interaction
with water. The C103 distances increase by a nearly constant
value of 7—9 mA in all of the structures and will no more be
discussed hereafter. A first remark concerns the CH distances
in isolated FDMEs. As shown by the results reported in Table
2, in isolated DME, the C2HS5 and C2H6 distances (CHS) are
longer than the C2H4 (CH') one. These differences have been

assigned to the anomeric effect resulting from a negative
hyperconjugation between the lone-pair orbital of the O atom
to the 0*(CH) orbital, which is larger for the two CH bonds in
gauche position.?’ Let us mention that the anomeric effect has
been discussed for other FDMEs or hydrofluoro-ethers as well 28

As previously stated, an indirect way to examine the anomeric
effect is to introduce a reagent that will interact with the O atom.
In the hydrogen-bond complexes between DME and water or
fluoroform, one of the O lone pairs of the ether molecule is
involved in the OH+++O or the CH**+O hydrogen bond. This
interaction results in small experimental blue shifts between 8
and 12 cm™! of the ¥(CH3) stretching vibration.!” Our calcula-
tions show that the CH' bond is shortened by 0.4 mA and that
the two other CH bonds are shortened by 2 and 2.1 mA. Note
that our calculations are in good agreement with MP2/6-
311++G(2d, 2p) calculations predicting CH bond shortenings
of 0.4, 1.7, and 2.0 mA.>* The same trend is predicted for the
CH;OCH,F+H,0 complex. The closed complexes show a
contrasting behavior. In these structures, the contraction of the
C3H7 bond involved in the CH-+-O,, interaction takes values
between 0.7 and 2.2 mA, whereas the variation of the other
CH distances is smaller, being comprised between —0.4 and
0.4 mA. In the linear structures (B) or in the CHF,OCF;-H,0O
complex, there is a contraction of the CH bond involved in the
CH--+O,, interaction by 1.6 to 2.2 mA. Our results indicate that,
with the exception of the CH;0CH;+H,O complex, the mag-
nitude of the nonbridging CH contraction is smaller than the
contraction of the bridging CH*++O bond. There is no relation
between the binding energies and the changes in the CH
distances, the most stable CHF,OCF;-H,0O complex being
characterized by the smallest contraction of the CH bond. The
other CH bonds in the open structures remain almost unchanged.
These characteristics will be discussed more in detail in the next
section.

Our calculations predict six v(CH) stretching modes in
isolated DME. The two al modes are predicted at 3291 and
3033 cm ™, the two b2 modes at 3190 and 3025 cm ™!, the a2
mode at 3096 cm ™!, and the bl mode at 3090 cm ™. Interaction
with water results in blue shifts of these six fundamental modes,
the a2 and b1 modes are shifted by 31 and 29 cm™' respectively,
whereas the high-frequency al and b2 modes being shifted by
8 and 9 cm ™!, respectively. The IR intensities of the six modes
decrease. These data are in good agreement with literature
results.®* To have a best estimation of the frequency shifts of
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TABLE 2: CH Distances (f&)o in Isolated FDMEs (r°) and in
Their Water Complexes (r)(A) and Changes Resulting from
the Interaction with Water (m;&) (the CH Bonds in Bold
Characters Indicate the CH Bond Involved in the H-Bond
Interaction); Results from MP2/6-311++G(d,p) Calculations

bond °(CH) °(CH) Ar(CH)
CH;0CH;
C2—H4 1.0901 1.0897 —0.4
C2-H5 1.0991 1.0971 -2
CH;0CH,F
C2—H4 1.0885 1.0886 0.1
C2-H6 1.0968 1.0956 -1.2
C3—H9 1.0968 1.0954 —14
CH,FOCH,F(A)
C2—H4 1.0874 1.0878 0.4
C2—H6 1.0914 1.0912 0.4
C3H7 1.0874 1.0867 -0.7
C3—-H9 1.0914 1.0909 -0.5
CH,FOCH,F(B)
C3H7 1.0874 1.0853 —2.1
C3H9 1.0914 1.0916 0.2
CH;0CHF»(A)
C2H4 1.0872 1.0875 0.3
C2H5 1.0909 1.0905 —0.4
C3H7 1.0867 1.0858 0.9
CH;0CHF»(B)
C3-H7 1.0867 1.0845 -22
CH;0CF;
C3H7 1.0867 1.0865 —0.2
C3H8 1.0907 1.0903 —0.4
CH,FOCCHF(A)
C2H4 1.0899 1.0896 -0.3
C2-H6 1.0875 1.0879 0.4
C3-H7 1.0862 1.0840 22
CH,FOCHF»(B)
C3-H7 1.0862 1.0843 -1.9
CHF;0CHF,
C2H6 1.0881 1.0876 0.5
C3-H7 1.0855 1.0836 -1.9
CH,FOCF5(A)
C3H7 1.0869 1.0854 -15
C3H9 1.0903 1.0899 —0.4
CH,FOCF5(B)
C3H7 1.0869 1.0850 -1.9
CHF>0CF;
C3HS8 1.0890 1.0874 -1.6

the individual CH groups, we have calculated the vibrational
frequencies and IR intensities in the partially substituted
isotopomers. For each complex, two isotopomers are considered.
In isolated CH4D5D60OCD:;, for example, the v(C2H4) vibration
is predicted at 3180 cm™! and, in the H,O complex, this vibration
is calculated at 3186 cm™!, giving a shift of 6 cm™!. In isolated
CD4H5D60CD3, the »(C2HS) vibration is calculated at 3072
cm™'; this vibration is blue-shifted by 26 cm™! in the complex.
These data are in agreement with the shortening of the C2H4
and C2HS5 bonds. Further, both vibrations are characterized by
a decrease in the IR intensity as predicted or observed for most
of the blue-shifted CH groups>® but, as observed for several
systems, this decrease does not correlate with the frequency
shifts. Table 3 reports the frequencies calculated in the other
isotopomers and their water complexes. Large blue shifts of 32
to 38 cm ™! are calculated for the CH+*+O,, bonds in the linear
B complexes. These shifts are consistent with the large
contraction of the CH bonds in the linear CH+-+O,, bonds.

Parveen et al.

A linear correlation is obtained between the change in CH
bond length (mA) and the shift of the corresponding v(CH)
vibration (cm™"):

Ar(CH) = 0.06 — 0.062Av(CH) (r = 0.980) (1)

It must be mentioned that the slope of this correlation does
not markedly differ from the slope of —0.056 obtained for the
CH:---0O,, hydrogen bonds in complexes involving halogenom-
ethanes and water.!

Complex formation between FDMEs and H,O also results
in variation of the OH distances and ¥(OH) vibrational frequen-
cies and IR intensities. The data are summarized in Table 4. In
the linear (B) complexes, the interaction with water induces very
small perturbations of the #(OH) distances (1 mA) and the v(OH)
vibrational frequencies (10 cm™!). It must be remembered here
that, when water acts as a proton donor toward a given base,
the v*(OH) vibration can be considered, in a first approximation,
as the vibration of the bonded OH group.?® As expected, the
elongation of the OH bond and the frequency shift of the v*(OH)
vibration are the largest for the DME-H,0 and CH;OCH,F*H,0
complexes. These two parameters decrease further with the
number of F atoms. The following linear correlation between
the variation of the OH distances (mA) and the frequency shifts
(cm™') is obtained:

AFOH) = 0.44 — 0.097Av(OH) (r = 0.991) (2)

where Av(OH) is the shift calculated from the average of the
two v(OH) vibrations. The variation of the IR intensities of the
*(OH) and v*(OH) vibrations is also worth mentioning. In
isolated water, the ratio of the IR intensities (v*(OH)/v*(OH)
is equal to 5.2. In the DME+H,0 and CH;0OCH,F-H,O
complexes, the IR intensity of the ¥*(OH) vibration is markedly
lower than that of the v*(OH) vibration, the ratios of the
intensities being 0.22 and 0.44, respectively. This is the usual
behavior when one of the OH bonds of water is involved in
hydrogen-bond formation.?” The reverse holds for the other
cyclic complexes, the intensity ratio (v*(OH)/v*(OH) being
comprised between 1.3 and 5.1. An increase of this ratio is
related to a decrease of the participation of the OyH,**+O1 bond
in the closed structures.

3. NBO Analysis. Table 5 lists the 0*(CH) occupation for
relevant CH bonds in the isolated and complexed FDMEs along
the change in hybridization of the C at the H. This table also
indicates the change in the 0*(OyHy) occupation in the most
stable complexes. In the linear complexes, the change of the
0*(0OwHy,) occupation is negligible. In Table 6, the variations
of intramolecular hyperconjugation resulting from the interaction
with water are reported. This table also indicates the intermo-
lecular hyperconjugation energies taking place from the two lone
pairs of the O1 atom to the 0*(OyH,,) orbitals along with the
hyperconjugation energies from the lone pair(s) of the O,, of
H,O0 to the relevant 0*(CH) orbital. This table also reports the
overall charge transfer taking place from the water molecule to
the FDMEs along with the difference between the NBO charges
on the H,, and H,, atoms (qH,, — qHy). NBO charges on all
the atoms can be obtained in SI.2 of the Supporting Information.

We will consider at first the NBO properties of the bonded
H,0 molecule. As outlined in the previous section, the lengthen-
ing of the OyH,, bond in the O,Hy**+O1 hydrogen bond ranges
from 1.2 mA (CHF,OCF;) to 9.8 mA (CH;OCH3) (Table 4).
This lengthening is mainly determined by the change in
occupation of the 0%(OyH,,) orbital, which ranges from 0.2 to
20.4 me for the considered systems.

We obtained the following linear correlation:
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AHOH,) = 0.37Ac*(O H,) + 143 (r = 0.986)
(3)

where the elongation of the OyH,, is expressed in mA and the
increase in 0%(OyHy) occupation in me.

Further, the LPO1 — 0*%(OyH,,) second-order hyperconju-
gation energies markedly increase, from 1 to 37.7 kJ mol~!, on
going from the CHF,OCHF, to the CH;0CHj; complexes. Figure
4 illustrates the linear correlation between the elongation of the
O,H,, bond (mA) and the E? [(LPO1 — ¢*(O4H,)] hyper-
conjugation energies (kJ mol™)

Ar(O_H,) = 0.207[E®(LPO1) — o*(O H,)] +
1.87 (r=0987) (4)

As outlined in section 1, we were not able to find a correlation
between the hydrogen-bond energies and the acidity or basicity
of the centers involved in the interaction. However, it may be
interesting to look at the influence of the PA or DPE of the
FDMEs on the properties of the individual OyHy*+<O1 or
CH:--+0O,, hydrogen bonds in the cyclic structures.

Comparison of the data of Tables 1 and 6 shows that there is
a very rough correlation between the intermolecular £ [LPO1
— 0*%(0yH,,)] energies and the PA values of the FDMEs but a
great dispersion of the points is observed for low PA values,
ranging between 640 and 710 kJ mol™!. A closer inspection of
our data allows one to obtain a better correlation when
considering also the acidity of the CH bonds involved in the
interaction. The CH;0CF; and CH,FOCHF, molecules are
characterized by about the same PA (665 and 666 kJ mol™!,
respectively) and the intermolecular hyperconjugation energy
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is larger for the first complex (7.3 kJ mol ') than for the second
one (1.7 kJ mol™"). This may be accounted for by the larger
DPE of the first molecule (1633 kJ mol™!) as compared with
the second one (1572 kJ mol™!). These results suggest that the
effective PA of the O1 atom decreases (from its actual PA value)
with increasing proton donor ability of the CH group. This can
be expressed by the following second-order polynomial il-
lustrated in Figure 5:

EP[(LPO1) — 0*(O H,)] = (3 x 107HX* —
023X + 474 (r=0999) (5

where X = (PA — ADPE), ADPE being the difference in DPE
of CH3;0CHj3 taken as a reference and the considered FDMEs.
Let us mention that several nonlinear equations between
hydrogen-bond properties and PAs have been derived.*

In the next step, we will discuss the NBO parameters of the
CH bonds. As indicated in Table 5, there is for the isolated
FDMEs molecules a larger 0*(CH) occupation for the CH® than
for the CH' bonds. These differences have been explained by
the lone-pair effect, which results in a larger delocalization from
the O lone pairs to the CH2 bonds.!® The results of the present
work show that, in agreement with this effect, there is in the
isolated FDMEs a larger intramolecular hyperconjugation from
the O lone pair to the 0*(CH®) than to the o*(CH') orbitals.
In the CH;0CH;, CH;0CH,F, and CH,FOCH,F complexes
where the OyHy,*++O1 hydrogen bond is predominating, the
decrease of the hyperconjugation is larger for the CH® than for
the CH' bonds. In these complexes, there is a small increase of
the s-character of the C atom. For the cyclic complexes, our
calculations predict a moderate decrease of the intramolecular

TABLE 3: MP2/6-311++G(d,p) Calculated v(CH) Stretching Frequencies (cm ') and IR Intensities (km mol ') in Isolated

FDMEs Isotopomers and the Complexes with Water

System Free FDME FDME—H,0 Complexes Shift
v(CH)! v(CH)* »(CH)! v(CH)® Av(CH)! v(CH)®

CH;0CH; 3180(26) 3072(57) 3186(17) 3098(50) +6 +26
CH;0CH,F 3195(32) 3096(59) 3200(16) 3115(50) +5 +19
CH,FOCH,F(A) 3210(33) 3163(25) 3225(6) 3171(22) +15 +8
CH,FOCH,F(B) 3210(33) 3163(25) 3244(4) 3161(28) +34 -2
CH;0CHF»(A) 3227(30) 3247(7) +20

CH;0CHF;(B) 3227(30) 3265(2) +38

CH;0CF; 322009) 3172(14) 3227(3) 3179(13) +7 +7
CH,FOCHF;(A) 3237(25) 3273(6) +36

CH,FOCHF,(B) 3237(25) 3269(5) +32

CHF,OCHF, 3248(18) 3280(2) +32

CH,FOCF; (A) 3217(17) 3182(15) 3242(13) 3186(15) +25 +4
CH,FOCF; (B) 3217(17) 3182(15) 3247(2) 3180(14) +30 -2
CHF,OCF; 3206(15) 3232(13) +26

TABLE 4: MP2/6-311++G(d,p) Calculated r(OH) Distances (10&), v(OH) Vibrational Frequencies (cm™!) and IR Intensities (km

mol !, in Parentheses), Frequency Shifts and Ratio of the IR Intensities in the Complexes between FDMEs and H,0O

FDME—H,0 #(OH,)? #(OHy) VS(OH)? v (OH) Av(OH)* RSP
CH;OCH; 0.9687 0.9583 3968(100) 3732(458) 101 0.22
CH;OCH,F 0.9652 0.9585 3973(118) 3806(267) 58 0.44
CH,FOCH,F(A) 0.9631 0.9587 3981(123) 3840(97) 39 13
CH;OCHF,(A) 0.9630 0.9587 3983(119) 3843(79) 36 15
CH;OCF; 0.9623 0.9589 3985(122) 3855(60) 29 2.0
CH,FOCHF,(A) 0.9613 0.9593 3989(100) 3867(23) 21 43
CHF,OCHF, 0.9611 0.9593 3992(92) 3871(18) 18 5.1
CH,FOCF;(A) 0.9612 0.9592 3991(100) 3869(20) 19 5.0
CH,FOCF;(B) 0.9601 0.9589 3993(96) 3877(19) 16 5.1
CHF,OCF; 0.9603 0.9601 3992(94) 3875(18) 16 52

@ The OH distance in isolated H,O is 0.9589 A. ’ The v(OH) frequencies and IR intensities in isolated H,O are 4008 cm™! (63 km mol ')
and 3889 cm™! (12 km mol™"). ¢ Calculated from the average of the ¥*(OH) and v*(OH) frequencies. ¢ Ratio of the IR intensities of the v*(OH)

and v*(OH) vibrations.
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TABLE 5: 0%(CH) Population (me) and %s-Character of the C(H) in Isolated and Complexed FDMEs, %s-Character of the C
(H) in Isolated FDMEs and Changes Resulting from the Interaction;* Results from B3LYP/6-311++G(d,p) Calculations

bond o*(CH)° o*(CH)° Ac*(CH)/(OH,,)* %s(C)° %s(C)° A%s(C)
CH;OCH;
C2H4 10.2 9.1 1.1 25.61 25.76 0.15
C2H5 23.3 20.2 —3.1 25.99 26.23 0.24
OH,, 22.7
CH;0CH,F
C3HS 27.0 25.8 —-1.2 27.31 27.63 0.32
C3H9 39.7 37.0 —2.7 27.61 27.76 0.15
OH, 13.6
CH,FOCH,F(A)
C3H7 25.7 24.4 -13 27.63 28.19 0.66
C3H9 31.6 30.3 -13 28.21 28.16 —0.05
OH, 7.4
CH,FOCH,F(B)
C3H7 25.7 26.7 1.0 27.53 28.87 1.30
CH;0CHF»(A)
C2H5 14.3 13.9 —0.4 26.70 26.77 0.07
C3H7 44.4 419 -25 29.43 30.21 0.78
OH, 6.6
CH;0CHF(B)
C2H5 14.3 14.8 0.5 26.70 26.65 —0.05
C3H7 44.4 42.8 -1.6 29.43 30.80 137
CH;OCF;
C3H7 8.4 8.2 —0.2 25.86 26.47 0.61
C3HS 14.0 12.8 —1.2 26.73 26.70 —-0.03
OH, 5.0
CH,FOCHF»(A)
C2H4 28.4 27.86 —0.6 28.45 28.54 0.09
C3H7 425 414 1.1 29.73 30.68 0.95
OH, 2.6
CH,FOCHF»(B)
C2H4 28.4 28.6 0.2 28.45 28.40 -0.05
C3H7 425 434 0.9 29.73 31.20 1.47
CHF;0CHF,
C3H7 43.7 412 -25 29.92 3111 1.19
OH, 1.1
CH,FOCF5(A)
C3H7 26.6 25.5 1.1 27.63 28.56 0.93
C3H9 28.6 28.2 —0.4 28.38 28.23 —0.15
OH, 1.9
CH,FOCFy(B)
C3H7 26.6 28.2 +1.6 27.63 29.05 1.42
CHF>0CF;
C3HS 46.9 47.1 0.2 30.31 32.03 1.72
OH, 0.9

@ The bold characters indicate the CH bond involved in the interaction. ” The ¢*(OH) occupation in isolated H,O is negligible.

hyperconjugation for both CH® and CH' bonds. It must be
mentioned that for these complexes the intermolecular hyper-
conjugation energies LPO,, — ¢0*(CH) are somewhat larger than
the intramolecular ones.

As suggested by the contractions of the CH bond, the increase
of the v(CH) frequencies and the decrease of the corresponding
IR intensities, the B complexes, and the CHF,OCF;<H,O
complex can be considered as typical blue-shifted hydrogen
bonds. Complex formation results in an increase of the o*(CH)
occupation (CH,FOCH,F, CH,HOCHF,, CH,FOCF;) and a
decrease of the o*(CH) occupation (CH;OCHF, and
CHF,0CF;3). In these five systems, there is an increase of the
s-character of the carbon atom of the CH bond by 1.3 to 1.7%.
These results suggest that, in the present cases, the rehybrid-

ization is the main factor contributing to the blue shift of the
v(CH) vibration.

We want now to discuss the effect of acidity and basicity
of the ethers on the intermolecular hyperconjugation energies
from the O, lone pairs of water to the o*(CH) orbitals
(E)[LPO,, — o*(CH)]. As expected, these hyperconjugation
energies are the largest for the B complexes and for the
CHF,0CF; complexes where the molecules are held together
by CH:+-O,, hydrogen bonds. They are comprised between
12.8 and 22.7 kJ mol™! and are correlated to the acidity of
the CH bonds involved in the interaction. For the A structures,
the hyperconjugation energies are much lower, between 1.8
and 17.7 kJ mol™!, owing to the simultaneous presence of
the O H,,**+O1 hydrogen bonds. A plot of the E® energies
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as a function of the DPE values shows a great scatter of the
points. A closer inspection of our results suggests that the
effective DPE becomes larger when the PA increases. In other
words, when the CH bond becomes more acidic, the influence
of the basicity of the O atom is lower. Our calculations show
that, for the cyclic structures, the effective DPE is equal to
DPE + 0.28 PA. These considerations allow one to derive a
correlation involving the data for both the open and the cyclic
structures. This correlation is illustrated in Figure 6:
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E@[LPO, — o*(CH)] = (9 x 10°)X* — 0.363X +
369 (r=10.992) where X = DPE +
0.28PA (KJmol™") (6)

Eqgs 5 and 6 indicate the reciprocal influence of the acidity
and basicity of the proton donor and proton acceptor molecules
involved in a hydrogen-bonded cyclic structure. The coefficients

TABLE 6: Intramolecular and Intermolecular Hyperconjugation Energies (E® in kJ mol™!) in Isolated FDMEs and H,O
Complexes, Charge Transfer (CT) from FDMEs to H,O (me), Differences between the NBO Charges on the H,, and H,,- Atoms
(me); Results from B3LYP/6-311++G(d,p) Calculations Using the MP2 Optimized Geometries

SyStCl’l’la E(Z)imra

monomer Complex

A E(Z)imra

E(Z)imerm CTb qu _ qu,c

CH30CH3'H20

LPO1 — 0*(C2H4) 10.2 9.1
LPO1 — 0*(C2H5) 30.6 259
LPO1 — 0%(O.Hy)

CH30CH2F'H20

LPO1 — 0*(C3HS) 11.6 11.
LPO1 — 0*(C3H9) 28.1 253
LPO1 — 0%(O.Hy)

CHzFOCHzF'Hzo(A)

LPO1 — o*(C3H7) 11.4 10.4
LPO1 — 0*(C3H9) 23.2 21.7
LPO1 — 0*(O.Hy)

LPO,, — o*(C3H7)

CHzFOCHzF'Hzo(B)

LPO1 — o*(C3H7) 11.4 9.7
LPO,, — o*(C3H7)

CH30CHF2'H20(A)

LPO1 — o*(C3H7) 12.0 10.9
LPO1 — 0*(C2H6) 23.4 22.6
LPO1 — 0%(O.Hy)

LPO,, — o*(C3H7)

CH;0CHF>*H>O(B)

LPO1 — o*(C3H7) 12.0 10.2
LPO1 — 0*(C2H6) 234 23.8
LPO,, — o*(C3H7)

CHjOCF3'H20

LPO1 — o*(C3H7) 9.3 8.5
LPO1 — 0*(C3HS) 20.8 19.5
LPO1 — 0%(O.H,)

LPO,, — 0*(C3H7)

CH,FOCHF,*H,0(A)

LPO1 — 0*(C2H4) 14.2 13.4
LPO1 — o*(C3H7) 11.7 10.3
LPO1 — 0%(O.H,)

LPO,, — 0*(C3H7)

CH,FOCHF,*H,O(B)

LPO,, — o*(C3H7)

CHFZOCHFQ'Hzo

LPO1 — 0*(C2H6) 11.4 12.0
LPO1 — o*(C3H7) 11.5 10.0
LPO1 — 0%(O.H,)

LPO,, — o*(C3H7)

CH,FOCF;*H>0(A)

LPO1 — o*(C3H7) 12.5 10.9
LPO1 — ¢*(C3H9) 14.9 14.4
LPO1 — 0*(O.H,)
LPO,, — o*(C3H7)
CHzFOCFj‘Hzo (B)
LPO1 —o*(C3H7)
LPO,~ 0% C3H7)
CHFZOCFj‘Hzo
LPO1 — 0*(C3HS) 20.8 19.5
LPO,, — 0*(C3HS)

12.5 10.4

21.1 25.8
—1.1
—52
37.7
12.2 25.5
—0.6
—2.8
23.1
6.2 17.2
—-1.0
—-1.6
11.0
2.1
—4.7
—1.7
12.8
5.8 16.4
—-1.1

9.1
3.0
—54
—1.8
0.5
15.3
39 14.4
—0.8
-1.3
73
1.5
1.0 8.5
—0.8
—14
1.7
22
—6.5
17.6
—1.5 7.3
0.6
-15
0.9
6.8
—0.1 8.7
—-1.6
—0.5
2.1
4.6
—5.8
—2.1 15.8

—7.8
—-13
232

@The CH bonds in bold characters refer to the bonds involved in the interaction with H,O. ” Positive sign indicates CT from FDMEs to
H,0. ¢ The NBO charges on the O and H atoms of isolated H,O are —0.9088 and 0.4544 e. In the linear CH+++O,, complexes, the difference
qH,, — qH,, is negligible.
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Figure 4. Ar(O,H,) (mA) as a function of [E®? (LPO1 — ¢ *(OHy)]
(kJ mol™").
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Figure 5. E® [LPO1 — ¢*(0,H,,)] (kJ mol™!) as a function of (PA
— ADPE) (kJ mol ™).
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Figure 6. E? [ LPO,, — ¢*(CH)] (kJ mol™") as a function of (DPE
+0.28 PA) (k] mol ™).

of the second-order polynomial (5) and (6) are valuable for the
present systems but are expected to be different for other closed
structures.

For the most stable complexes, the charge transfer is moderate
(4 to 21 me) and takes place from the FDMEs to the H,O
molecules. When the number of F atoms is larger than three,
the charge transfer is nearly zero. For the linear complexes, the
lowest value of the charge transfer from H,O to the FDMEs

Parveen et al.

(4.7 me) is predicted for the CH,FOCH,F complex where the
CH bond has the lowest acidity and the largest value of the
charge transfer (7.8 me) is obtained for the CHF,OCF; complex
where the CH bond is characterized by the largest acidity.

Finally, we want to add a few words on the competition
between the O,Hy,*++O and CH+--O,, hydrogen bonds in the
closed structures. A comparison of the parameters discussed in
the present work suggests than the energy of the OyHy,*++O
and CH*+-O,, hydrogen bonds in the CH,FOCHF,*H,0 com-
plex is about the same. For this complex, our calculations show
that there is a marked drop in the frequency shift of the ¥(OH)
vibration and the ratio of the IR intensities »*(OH)/v*(OH).
Further the E?[(LPO1 — ¢*(O,H,)] and E?[ LPO,, — ¢*(CH)]
hyperconjugation energies are about the same, respectively 1.7
and 2.2 kJ mol™!. In the CH;OCF;-H,O complex, the first
hyperconjugation energy is much larger than the second one
and the reverse holds for the CHF,OCHF,*H,0 system.

Conclusions

In the present work, the interaction between dimethyl ether
and fluorinated dimethyl ethers (ng = 1—5) and water is
investigated by theoretical methods. Important conclusions are
the following ones:

1. When ng = 0, 1, the hydrogen bonds are formed on the O
atom of the ethers. When ng = 5, the CH bond of the ether
derivative acts a proton donor forming a CH-++O,, hydrogen
bond. When ng = 2—4, the most stable structures are cyclic
and stabilized by both Oy Hy*+*O and CH:--O,, hydrogen
bonds. The binding energies range between —4 and —12 kJ
mol !

2. The v(CH) vibrations are blue-shifted even when the CH
bond is not involved in the interaction.

3. The vibrational data and the NBO parameters clearly show
the differences between O,H,**+O and CH-+-O, hydrogen
bonds.

4. The theoretical results are discussed as a function of the
acidity of the CH bonds and the basicity of the O atom of the
fluorinated dimethyl ethers. It is shown that the effective proton
affinity of the O atom of the ethers in determining the LPO,, —
0*(CH) hyperconjugation energies decreases with increasing
acidity of the CH bond. In turn, the effective acidity of the CH
bond in determining the LPO,, — ¢*(CH) hyperconjugation
energies decreases with increasing basicity of the ethers.
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