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University of California at Berkeley, Berkeley, CA 94720, USA
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Abstract

The physical origin of blue-shifting hydrogen bonds remains a subject of debate al-
though many plausible explanations have been proposed. Using a molecular property
decomposition analysis based on absolutely localized molecular orbitals (ALMOs), we
investigated several representative FsCH---Y (Y = H,0, NH;, Cl7) complexes. We
reveal that features of a blue-shifting H-bond already appear on the frozen surface
where polarization and charge-transfer (CT) are both “turned off”, and that the fi-
nal observed frequency shift depends on the strength of CT. Further decomposition
of forces at the frozen level shows that Pauli repulsion is the only component that
shortens the C—H bond when F3CH and Y are close in contact, while both permanent
electrostatics and dispersion tend to lengthen the bond. The interplay of these forces

from the medium to long range is also discussed. Our analysis provides a complete



physical picture for shifting H-bonds and suggests two necessary conditions for their
features to be observed at the equilibrium structure: (i) stronger Pauli repulsion than
the combination of electrostatic and dispersion forces; (ii) relatively weak CT that is

insufficient to compensate for the blue-shifting effect of the frozen interaction.
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While a typical hydrogen-bonding complex X-H- - - Y is associated with an increased X-H
bond length and a red shift in XH stretch frequency relative to those in a free XH molecule,!
there exist exceptions whose X—H bond is contracted and its stretch frequency blue-shifted.
Those exceptional cases were referred to as “improper, blue-shifting” H-bonds by Hobza et

410 and

al.2? The blue-shifted XH stretch frequencies can be characterized experimentally,
due to its apparent peculiarity, there has been a plethora of computational studies aiming
to unravel the origin of blue-shifting H-bonds, but no consensus has been reached as the

conclusion varies with the analysis tool employed and the interpretation of results. To list a

few, the origin of bond contraction and frequency blue-shifting has been attributed to dis-

4,11,12 2,3,6 18-21

persion interactions, charge transfer (CT),>%% electrostatics, 17 Pauli repulsion,

electron density redistribution/polarization,%:2224

etc. Even today, the physical origin of
blue-shifting H-bonds still remains a subject of debate.

Using an analysis based on block-localized wavefunctions (BLW),?> 27 Mo and co-workers
obtained optimal structures and harmonic frequencies of a series of F3CH---Y (Y = NHg,
H,0, or HF) complexes with CT being forbidden or “quenched”.!” Their results indicate
that CT causes bond lengthening and frequency red-shifting so it is not the reason for blue-
shifting H-bonds. Furthermore, these authors identified that shortening of the C-H bond
is a long-range phenomenon, and therefore they attributed this phenomenon to permanent
electrostatics as it is the only non-trivial component at long range. In a follow-up study,?®
Wang et al. revealed that the frozen (FRZ) component of energy decomposition analysis
(EDA) in fact does prefer a shortened C-H bond while both polarization (POL) and charge-
transfer (CT) prefer a lengthened one. This identification was achieved by evaluating the
derivative of each energy component with respect to the change in C-H bond length (Arcy).
However this analysis might be affected by its use of fully relaxed geometries, at which the

FRZ component is inclined to exert a strongly repulsive force due to the close intermolecular

contact driven by POL and CT (see the discussion in ref. 29).



In previous work, we reported nuclear gradient for the FRZ intermediate state within
the framework of the absolutely localized molecular orbital (ALMO)-EDA,3%3! enabling a
decomposition of molecular property shifts upon intermolecular binding into FRZ, POL,
and CT contributions.?® While the CT-forbidden (yet polarized) state in ALMO-EDA is
essentially the same as that in BLW-EDA, additional insights can be gained by examining
the structural and vibrational properties calculated on the FRZ surface, as the latter excludes
all orbital relaxation effects. This scheme is referred to as the adiabatic ALMO-EDA (as
the complex geometry is relaxed on each intermediate surface), and it has been employed
to investigate the features of hydrogen and halogen bonds.?3%33 In this work, we use it to
explore H-bonding complexes with the fluoroform molecule as the proton donor, which can
be denoted as F3CH---Y. Table 1 shows the results for Y = H,O, NH3, and Cl~, among
which only the complex with HoO has a shortened and blue-shifted C—H bond at the fully
relaxed structure. However, on the FRZ surface, the C—H bonds in all three complexes
are considerably shortened and blue-shifted, while POL and CT only contribute to bond
lengthening and frequency red-shifting. The red-shifting effect of POL is remarkable for the
complex with ClI~ yet minimal for the neutral complexes, and it is insufficient to offset the
blue-shifting effect of FRZ. The final shift in C—H stretch frequency depends on the strength

of CT, which, as shown in our previous studies,?":32:34

is primarily responsible for the red
shifts in conventional H-bonds. The requirement for relatively weak CT (also known as
hyperconjugation) by an blue-shifting H-bond was also specifically noted in several previous
studies despite their attribution of the blue-shifting feature to other physical origins.!"23:28

Results in Table 1 clearly demonstrate that the shortening and blue-shifting of C-H is
an effect of FRZ interaction. This also holds for Si- and P-containing blue-shifting H-bonds
as shown (Table S1 in the Supporting Information), indicating that the key role of FRZ

is not specific to F3CH complexes. As shown in our previous work, the FRZ term can be

further separated into contributions from permanent electrostatics (ELEC), Pauli repulsion



Table 1: Adiabatic ALMO-EDA results for FsCH---Y (Y = Hy0O, NH3, and Cl7) complexes,
including C-H bond lengths (A) and vibrational frequencies (cm~!) calculated on the frozen (FRZ),
polarized (POL), and fully relaxed (FULL) surfaces as well as the associated energy lowerings (in
kJ/mol). The shifts in molecular properties are calculated relative to the results of fully relaxed
CF3H: 7(C-H) = 1.0917 A, w(C-H) = 3151 cm ™.

F;CH---H,O F;CH--- NH; F;CH---Cl™
FRZ POL  FULL FRZ POL FULL FRZ POL FULL
r(C-H) 1.0894 1.0896 1.0906 1.0893 1.0898 1.0928 1.0860 1.0895 1.1030
Ar -0.0023 -0.0021 -0.0011 -0.0024 -0.0019 0.0011 -0.0057 -0.0022 0.0113
w(C-H) 3198 3195 3176 3198 3190 3136 3252 3208 2990
Aw 47 44 25 47 39 -15 101 o7 -161
AFE -10.95  -1.84 -1.95 -12.95 -241 -3.38 -41.27  -12.24  -12.57

(PAULI), and dispersion (DISP).?* To identify the component that is responsible for bond
shortening (which almost always accompanies frequency blue-shifting), we decomposed the
intermolecular forces exerted on the H atom along the C—H bond direction at the optimal
FRZ structure of each complex. The results (Fig. 1) indicate that Pauli repulsion is the only
component that favors a shortened C-H bond, while both ELEC and DISP tend to stretch
the bond further. The opposite effects of PAULI and DISP are somewhat consistent with
chemical intuition, as the closer contact between H and Y makes the former more unfavorable
while the latter more attractive. However, the effect of ELEC differs from what one would

17,28 1 from the

infer from the “long-range” character of the bond-shortening phenomenon,
negative dipole derivative of CF3H with respect to rog.'®'® Among the literature on blue-
shifting H-bonds, our finding is most consistent with the conclusions reached independently
by Li et al.'® and Hermansson,?° who found that ELEC alone is unable to cause C-H
blue-shifting (by using a point-charge model to replace Y) and suggested the necessity of a
repulsive force.

As Pauli repulsion decays faster than ELEC and DISP, one may expect an “inverted
regime” to appear at a longer distance where the overall effect of FRZ interaction becomes

bond-lengthening. To verify this, we probe the change in optimal C-H bond length with

varying C---O (N, Cl) distances (constrained in geometry optimization) for the three com-
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Figure 1: Decomposition of intermolecular forces on the H atom in CF3H (along the C—H bond)
at the optimal structures of FsCH---Y (Y = HyO, NHs, and C17) on the frozen surface. Positive
forces stretch the bond while negative forces compress it. Note that the plotted three components
do not add up to the total force for the FRZ state (which is zero for these optimized structures) as
the latter also includes an intramolecular contribution from monomer geometry distortion.

plexes. The results for HyO [Fig. 2(a)] and NH; complexes [Fig. 2(c)] resemble each other
on the FRZ surface, i.e., a transition from bond shortening to lengthening does occur after
going beyond the equilibrium C---O/C- - - N distance (denoted by red vertical dashed lines).
On the POL and FULL surfaces, the variation of C-H bond length with respect to inter-
molecular distance shows similar behavior, although the bond shortening at close distances
is less significant and the transition to lengthening occurs at smaller distances. At fully re-
laxed structures (blue vertical dashed lines), the C-H bond is still shortened in the complex
with HyO (associated with frequency blue-shifting) but already lengthened in F3CH- - - NHy
(associated with red-shifting), resulting from the stronger CT effect in the latter complex.
We then decomposed the intermolecular FRZ forces exerted on the H atom in F3CH along
the C-H bond [Figs. 2(b) and 2(d)]. Across the entire plotting range (3 A < R(C---Y) <
5 A), the effect of ELEC, DISP, and PAULI forces on the C-H bond length is consistent

with that as revealed in Fig. 1. The PAULI force is of larger magnitude than the other two
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Figure 2: Left panels: variations of the optimal C-H bond length in F3CH--H20O (a), NHj3 (c),
Cl™ (e) with the C--Y distance (calculated on frozen, polarized, and fully relaxed surfaces); right
panels: decomposition of intermolecular forces exerted by HoO (b), NHs (e), and C1™ (f) on the H
atom (along the C-H bond) calculated with structures optimized on the FRZ surface.
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Figure 3: Long-range scan results for the F3CH---Cl~ complex: (a) variation of optimal C-H
bond length calculated on the FRZ, POL, and FULL surfaces; (b) decomposition of FRZ forces
due to Cl~ exerted on the H atom along the C—H bond.

bond-lengthening components around the equilibrium distance, resulting in bond shortening
in this range. Nonetheless, with the increase of intermolecular separation, the magnitude
of the sum of ELEC and DISP forces eventually surpasses that of PAULI, resulting in a
reversed change in C—H bond length (elongation) on the FRZ surface.

The variation of optimal C-H bond length shows somewhat different behavior for the
F3CH- - - Cl~ complex [Fig 2(e)]. On the FULL surface, the bond is much more significantly
elongated (about 10 times compared to the amount of lengthening in F3CH:-NHj3) as a result
of the stronger CT effect. On the other hand, the curve corresponding to the FRZ surface
remains negative for the entire range, and one can see a shallow dip (corresponding to more
significant shortening) after R(Cl- - - C) goes beyond 4.5 A. The changes in the optimal bond
length at long range are more clearly demonstrated in Fig. 3(a): on the FRZ surface, the
bond length reaches a minimum at around 6.5 A and then goes back gradually towards the
free monomer bond length; the results on POL and FULL surfaces track each other closely
after 6 A, and the minimum is located at a longer distance compared to that on the FRZ

surface. The force decomposition performed on the FRZ surface [Fig. 3(b)] suggests that
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Figure 4: (a) Variation of optimal C-H bond length in F3CH- - - HoO, NH3 complexes on the FRZ
surface; (b) the permanent electrostatic force exerted on the H atom (along the C-H bond). The
PAULI and DISP forces vary similarly to their behavior in Fig. 3(b) and are not plotted here. The
complete results are available in Fig. S2 of the Supporting Information.

the characteristic change of the ELEC component should be related to the dip in optimal
C-H bond length: when the Cl--- C distance is greater than 6 A, ELEC turns into a bond-
shortening force instead and then slowly decays to zero. The decrease in optimal C-H
bond length at long range takes place for F3CH--H,O and F3CH- - - NHj as well [Fig. 4(a)],
although the amount of shortening is over one order of magnitude smaller. The ELEC force
changes its character (from bond-lengthening to shortening) roughly at 7.5 A and 8.0 A,
respectively [Fig. 4(b)]. Note that for all three complexes, the decrease in C-H bond length
is not synchronized with the characteristic change in the ELEC force. Instead, the former
occurs at a shorter intermolecular distance, as a result of the interplay with forces arising
from monomer geometry distortion.

The transition in character of the ELEC force suggests the existence of two competing
effects, whose nature is elucidated in Fig. 5: (i) Based on ChEIpG charges, a longer C—
H bond renders the H atom more positive and in closer contact with the electronegative
species Y, which enhances the favorable electrostatic interaction; (ii) the permanent dipole

of F3CH increases when the C—H bond is shortened, rendering a shortened C—H bond more
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Figure 5: Changes in dipole moment of the isolated F3CH molecule (blue) and ChEIpG charges?6
on C and H atoms (green) with respect to variation of C-H bond length. The monomer geometry
is relaxed at each given C-H bond length (constrained in optimization).

favorable from the perspective of a multipole interaction. As shown in Fig. 5, more electron
population is depleted from the C atom than that gained on H when Ar < 0, making the F
end more negative. One can thus infer that the shift in charge distribution govern the change
in F3CH’s dipole moment. Using an abstract model system as depicted in Fig. 6, it can be
proven that there exists a critical distance R.. When R < R, effect (i) is dominant and a
lengthened C—H bond is more favorable by ELEC; when R > R., effect (ii) plays the more
significant role and a shortened C-H bond is preferred instead. The mathematical details
for this qualitative analysis are available in Sec. S1 of the Supporting Information.

It should be noted that the negative dipole derivative with respect to rcy was reported
and designated as the cause of C-H bond shortening and blue-shifting by others.!3! The
bond-shortening behavior in the long range was also regarded as the evidence for ELEC
being the origin of blue-shifting H-bonds.'”?® The analysis performed in our work, how-
ever, clearly demonstrates that electrostatic force alone is unable to induce the C-H bond

shortening and frequency blue-shifting at the equilibrium structure, where ELEC actually
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Figure 6: Model system for qualitatively illustrating the distance-dependence of the permanent
electrostatic interaction between F3CH (abstracted as three point charges at the position of the
center of three F atoms, the C atom, and the H atom, respectively) and an electronegative species
(abstracted as a probe negative charge whose distance from the origin is R). The small displacement
of the H atom is denoted as Ar. Based on Fig. 5, we assume that the charge on C(H) linearly
decreases(increases) with respect to Ar: ¢f = q1 — k1Ar, ¢b = g2 + ko Ar (k1 > ko).

has an opposite effect. Our findings, on the other hand, are in better agreement with the
conclusion reached by Hermansson that the negative dipole derivative is “a necessary but
not sufficient” condition for blue-shifting,?° because it prevents the X-H bond from being
substantially lengthened before the onset of Pauli repulsion. In fact, the involvement of
long-range electrostatics is not necessary for the change in bond length around equilibrium
distance, and blue-shifting H-bonds with X = O or N whose dipole derivative with respect
to rxu is positive have also been discovered and rationalized in computational studies.!%23
Fig. 7 shows the variation in optimal C-H bond length on the FRZ surface when F3CH
interacts with rare gas atoms (Ne, Ar, and Kr), for which the contribution from long-range
ELEC is zero by definition as these atoms have no permanent multipole moments. The
curve corresponding to the F3CH complex with Ne shows behavior similar to those for H,O
and NHj [Figs. 2(a) and 2(c)|, despite its much less pronounced bond elongation beyond

equilibrium. Heavier rare gas atoms result in more significant bond shortening in the short

range, as they exert stronger Pauli repulsion when placed at the same distance from F3CH.

11
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Figure 7: Variation of optimal C-H bond lengths calculated on the FRZ surface of F3CH:-Rg (Rg
= Ne, Ar, Kr) complexes.

In summary, we investigated the physical origin of blue-shifting H-bonds formed by the
CF3H molecule using recently developed analysis tools based on ALMOs. It was found that
C-H bond shortening and frequency blue-shifting can take place when POL and CT are
both absent. Further analysis shows that the cause of bond shortening can be almost fully
interpreted as the “mechanical compression” exerted on the H atom by the proton acceptor
Y, which stems from intermolecular Pauli repulsion. Permanent electrostatics, on the other
hand, is only capable of shortening the C—H bond minimally at long range, and it turns
into a bond-lengthening force at smaller intermolecular separation. This nuanced behavior
of electrostatic force was rationalized using a model system abstracted from the F3CH--Y
complexes. In addition to Pauli repulsion, relatively little CT is also required for the bond
shortening and frequency blue-shifting result to hold, as CT always leads to red-shifting.
Our analysis appears to fully unravel the underlying physical picture that gives rise to blue-
shifting H-bonds, and we expect that the same tools can be applied to elucidate other
intriguing changes in structural and spectroscopic observables arising from intermolecular

interactions.
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Computational Methods

All calculations were performed with the Q-Chem 5.1 software package.?” The adiabatic EDA
calculations (geometry optimizations and harmonic frequency analysis) were performed with
the wB97X-V functional®® and the def2-TZVPPD?? basis set. Extensive benchmarking?:4!
has established wB97X-V as one of the most accurate density functionals for intermolecular
interaction energies. In addition, we performed the adiabatic EDA involved in Table 1 as well
as the long-range bond length analysis [Figs. 3(a) and 4(a)] with a different level of theory
[B3LYP*? with a Becke-Johnson damped D3 correction?® and the 6-311++G(3df,3pd) basis
set %] and confirmed that the same qualitative trends can be reproduced (see Table S2 and
Fig. S3 in Supporting Information). The geometry optimizations were performed until the
maximum component of the gradient is smaller than 2.0x107% a.u. and the energy change
from the previous step is smaller than 1.0x10~7 a.u. For numerical integrations involved in
DFT calculations, we use a (99, 590) grid (99 radial shells with 590 Lebedev points in each)
for the exchange-correlation functional and SG-16 for the VV1047 dispersion correction. The
forces arising from frozen interaction components were calculated using a five-point stencil
(five vertical EDA calculations with varying C—H bond lengths). The decomposition of the
frozen term follows the scheme introduced in ref. 48, which employs the “quasiclassical”
definition of permanent electrostatics (Coulomb interaction between charge distributions of

isolated fragments).

Associated Contents

Supporting Information: qualitative analysis of the two features of the electrostatic inter-
action based on a simple model system; adiabatic EDA results for Si- and P-containing
blue-shifting H-bonds; adiabatic EDA results (similar to Table 1) and plots for the variation

of optimal C-H bond length in the long range [similar to Figs. 3(a) and 4(a)] for F3CH---Y

13



(Y = HyO, NHj, and C17) calculated at the B3LYP-D3(BJ)/6-311++G(3df,3pd) level of
theory; long-range force decomposition results on the FRZ surface for F3CH---H,O and
F3;CH- - - H,O (PDF); equilibrium geometry of the CF3H monomer and complex geometries
optimized at the FRZ, POL, and FULL levels of theory (fully relaxed and with C---Y

distance constrained) (ZIP).
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