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ABSTRACT: Molecular structure and function depend on myriad noncovalent
interactions. However, the weak and transient nature of noncovalent interactions in
solution makes them challenging to study. Information on weak interactions is typically
derived from theory and indirect structural data. Solvent fluctuations, not revealed by
structure analysis, further complicate the study of these interactions. Using 2D infrared
spectroscopy, we show that the strong hydrogen bond and the weak n — 7* interaction "
coexist and interconvert in aqueous solution. We found that the kinetics of these
interconverting interactions becomes faster with increasing water content. This
experimental observation provides a new perspective on the existence of weak noncovalent

interactions in aqueous solution.

he delicate balance between the formation and disruption
of different noncovalent interactions orchestrates molec-
ular structure, stability, and function in solution.”” The
hydrogen bond (H bond), prevalent in chemistry and
biochemistry, is a well-studied noncovalent interaction. The
importance of weaker H bonds has grown in recent times.”°
Weaker H-bond interactions such as C—H-*A (A = N, O, or
S), D—H:-z (D = N or O), and C—H---z have been shown to
exist in nature.” Analogous to the H-bond interactions, where
lone-pair electrons are delocalized into a ¢* orbital of an
acceptor moiety (n — ¢*),° the carbonyl (C=0) group can
participate in weak noncovalent interactions with the accept-
or's #* orbital (n — 7*). n — z* interactions involving
electron delocalization from an oxygen lone pair to the
antibonding 7* orbital of either another carbonyl (n —
7*c—p) or an aromatic ring (n — 7*,;) have strong presence
in nucleic acids,”™ "' proteins, 12,13 supramolecular assem-
blies,'*"> and small molecules.'®™*°
Although analogous in terms of electron delocalization, a
large disparity exists between the interaction energies of the
C=O0 H bond and the n — 7* interaction. Calculations have
estimated a typical n — 7 interaction to be energetically
weaker (0.3—1.5 kcal/mol) than the H bond (4—10 kcal/
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mol)."” Thus, even though n — #* interactions have been
found in the crystal structures, the origin of the coexistence of
this weak interaction with a stronger competitor like an H
bond is unknown. Moreover, the interplay between a weak n
— m* interaction and a strong H bond in solution is further
complicated by solvent dynamics and conformational fluctua-
tions.

Because both the interactions involve oxygen lone-pair
electrons, any interplay between them is likely to affect the key
aspects of chemistry and chemical biology. Despite the
importance, the reason behind our dearth of knowledge
about n — 7z* interactions in solution is two-fold. First, other
than a recent gas-phase spectroscopic study on phenyl formate
(PF),”" the information on weak n — 7* interactions has been
derived indirectly, from either X-ray crystal structure analyses
(Protein Data Bank and Cambridge Structural Database) or ab
initio calculations.'%?*% Installing isosteric substituents,
Raines and coworkers reported n — 7* interactions in small-
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molecule esters and amides by combining structural data from
X-ray diffraction, NMR spectroscopy, and ab initio calcu-
lations.'>**** Second, the direct IR spectroscopic evidence of
the n — 7 interaction in PF was obtained in an isolated
environment (gas phase) in the absence of any competing H
bond. A spectroscopic approach that includes information on
solvent and conformational dynamics is necessary to probe the
relative importance of H-bonding and n — #* interactions.
Two-dimensional infrared (2D IR) spectroscopy”® >* mon-
itors the time evolution of energetically distinct C=0O
populations in solution with femtosecond time resolution
and allows quantitative investigation of the role of solvent
fluctuations on the noncovalent interactions involving the C=
O moiety.

Das and coworkers monitored the C=0O stretch of PF using
isolated gas-phase IR spectroscopy and reported two
populations arising from cis and trans conformers.”’ In the
cis conformer, the lone-pair electrons on the C=0 oxygen are
delocalized into the 7* orbital of the phenyl ring. In the gas
phase, the cis conformer participating in n — 7 interactions is
more stable than the trans conformer, where the C=0O rotates
away from the ring. Herein, using linear IR and 2D IR
spectroscopy in aqueous solution, we report the first
observation and measurement of solvent-mediated coexistence
and interconversion between the energetically disparate n —
m* interaction and H bonding. In addition, we have used
density functional theory (DFT), molecular dynamics (MD)
simulations, and natural bond orbital (NBO) analysis® to
interpret the spectral changes and confirm the presence of n —
7 interactions in solution.

To obtain a comparison with the gas-phase results,”' a
solution-phase IR spectrum of PF was obtained in a nonpolar
aprotic solvent, tetrahydrofuran (THF, ¢ = 7.4). In accordance
with the gas-phase results, the IR spectrum in THF shows two
C=O transitions (1766 and 1744 cm™', Figure la). Peak
positions in THF are red-shifted from the reported gas-phase
peak positions (1797 and 1766 cm™', Figure la).”' The
lowering of the C=0O frequencies is common going from the
gas phase to the solution phase.*® IR spectra in other aprotic
solvents also show two C=O transitions (Figure SI).
Structural assignments for the two PF conformers in THF
were obtained from DFT calculations performed at the MO0S-
2X level of theory using polarizable continuum model (PCM,
see the Supporting Information for details). DFT-estimated
C=0 peak frequencies of the two conformers in THF are in
consonance with the experimental results (Table S1). The
optimized geometries of the conformers in aprotic solvent are
similar to those in the gas phase (Table S2 and Figure S2).”’

To gain a greater insight into the origin of the noncovalent
interaction of the cis conformer in THF, we have performed an
NBO analysis of the optimized geometry (Figure le). The
second-order perturbative energy (E2) ) in the cis conformer
(141 kcal/mol) confirms the presence of the n — #*
interaction. The possibility of an intramolecular CH---O H
bonding was eliminated based on NBO predictions and
geometrical parameters (Table S3 and Figure S3, Supporting
Information).

To investigate the n — 7™ interactions when C=O can
competitively form an H bond with solvent, the IR spectrum of
PF was obtained in water (D,0). The IR spectrum in water
shows signatures of C=0 H bonding as the overall spectrum
shifts to lower frequencies (Figure lc). The spectrum can
apparently be fitted to four peaks using Voigt lineshapes,
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Figure 1. Linear IR spectra of PF in (a) neat THF, (b) 1:1 THF/D,0
(v/v), (c) neat D,0, and (d) different aqueous THF solutions. The
green lines in panel a correspond to the peak positions in the gas
phase.”" Orbitals corresponding to (e) nco = 7%, and (f) ncy — o*
(H-bond) NBO interactions for the cis and the H-bonded
conformers.

consisting of two additional C=0 peaks at 1704 (11%) and
1724 cm™" (44%) along with the peaks in THF for the trans
(11%) and the cis (34%) conformations (Table S4 and Figure
S4a, Supporting Information). The additional peak positions
agree with the reported ester C=0 transitions in water due to
one and two C=0 H bonds.”” ™’

To further interrogate the coexistence of the n — 7* and the
H-bonding interactions, we performed IR experiments on PF
in aqueous THF solutions by systematically varying the water
content from 20 to 80% (v/v) (Figure 1b,d, and Figure S4).
Fitting each spectrum with multiple Voigt lineshapes indicates
that an increase in water content causes a decrease in the trans
and the cis populations along with a concomitant increase in
the H-bonded C=O population (Figure 2, Figure S4, and
Tables S4—S11). A similar spectral trend is seen in aqueous
solutions of other aprotic solvents (Figure SS). At higher water
concentrations, evidence of the double-H-bonded population
is observed (Tables S4—S11); a similar observation has been
previously reported.”” IR spectra in aqueous solutions clearly
demonstrate the coexistence of a conformer with an internal n
— 7* interaction and a conformer in which C=0 H-bonds to
solvent. However, information on the role of solvent dynamics
is missing.

DFT calculations, performed on PF with a single water
molecule, indicate that water preferably interacts with the cis
conformer and simultaneously forms an H bond with the C=
O and an O—H--7 interaction with the arene (Figure S6). A
subsequent NBO calculation predicts the H-bond interaction
energy to be 4.2 kcal/mol, which is approximately three times
the estimated n — #* interaction energy in the cis conformer.
Atomistic MD simulations, performed on PF in neat water to
obtain a better representative picture of the experiments,
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Figure 2. Relative conformational population with varying water
content in aqueous THF solutions. The H-bonded population
includes both single and double H bonds to C=0.

predict that the PF C=O0 is predominantly single H-bonded
to water (~56%), along with a 12% double H-bonded and a
32% non-H-bonded population. This is in qualitative agree-
ment with our IR absorption results. The single-water DFT
calculation has only the enthalpic component and predicts the
bridged configuration. MD simulations, with both enthalpy
and entropy contributions, show the single H-bonded C=0 is
most probable in bulk water. MD trajectories, however, predict
a non-negligible non-H-bonded population. Simulations also
predict the C=0 group in the trans conformer to form an H
bond, but the broad C=0 IR H-bonded peak provides little
information on whether the H bonding is cis or trans (see the
Supporting Information).

To capture the effect of solvent and conformational
dynamics on the coexistence of the H bond and the n — #*
interaction, we performed 2D IR spectroscopy. 2D IR utilizes
three interactions of ultrashort femtosecond pulses at different
time delays to generate a nonlinear signal. Details of 2D IR are
given in the Supporting Information (Figures $7—S9). 2D IR
spectra (Figure 3) of PF with multiple C=O populations,
plotted at different time delays (T), consist of multiple
diagonal peaks from the overlapping conformational distribu-
tions in the corresponding linear IR spectrum. Interconversion
between conformations gives rise to cross peaks that evolve
with T. The T-dependent evolution of the cross peaks is a
direct spectroscopic signature of conformational interconver-
sion arising from breaking and reformation of noncovalent
interactions during equilibrium dynamics.**™*

We observe T-dependent evolution of cross peaks between
the cis conformer and the H-bonded conformer in the 2D IR
spectra of PF dissolved in a series of THF/water solutions
(Figure 3), a direct evidence supporting a picosecond time-
scale interconversion between the conformer with an n — #*
interaction and a conformer with an H-bonding interaction to
solvent. To analyze the interconversion kinetics in each THF/
water composition, we performed least-squares fitting of the
correspondin§ numerically simulated 2D IR spectrum (Figures
$10—S515).*>** The estimated kinetic rates (Table S12) reveal
that the interconversion between the strong and the weak
interactions is accelerated with the increase in the water
content (Figure 4).

The interconversion time scale is the fastest in neat water
(~1.5 ps), in agreement with water’s H-bond breaking and
reformation time scale.*” A decrease in water content leads to a
gradual slow-down of the exchange rate, with a 13-fold (~20

5427

1750 : —— . .
a e 1
1760 1L "@ J
g - '
1740 1k /1 / 1
S B =
' 4
1720-] 1B A Cs .
T=0 T=15ps
. LA L . . h . .
1780 b 4t Tp L~ 6
1 o :
1760 1+ y A1
E y i
O
55 1740 4k B
1720 D70
T=0 /T= 15ps,
: ————— T T . T T
17801 o b GV Z sl
1 )
1760+ HF < q
E y Al
S
1740-| 1 4
S (
1720 1+ C OV
T=0 ||o T=15ps\
{ </
1700 1720 1740 1760 1780 1720 1740 1760 1780
: : . . . . . . .
1770+ d g \/ —
1750 4 4
1730 4 4
‘\e
1710 1 | J
T=0 \ =3ps |@-1
1690 1710 1730 1750 1770 1710 1730 1750 1770
@¢ (cm-1) @¢ (cm-1)

Figure 3. 2D IR spectra with varying water content at different T
values. 2D IR spectra of PF at T = 0 in (a) 1:1 THF /water, (b) 2:3
THF/water, (c) 1:2 THF/water, and (d) neat water. (e—g) 2D IR
spectra at T = 15 ps for corresponding THF/water solutions and (h)
at T = 3 ps in neat water. The diagonal peak pairs show three C=0
populations arising from trans, cis (n — 7*), and H-bonded
conformers of PF in the order of decreasing frequencies. The cross
peaks between the cis and the H-bonded conformations evolve as T
increases. The dashed rectangles in panels e—h encompass regions of
the cross peaks.

6.5 7
< 6.0
e = @ g
~ 451 w @ oy ~
[0} 4 o Q < s
® ] © N e H [
= ] < - H - ©
L 107 + a < o P
c B N > - H
@ ] e e &
c {4 « 2
g 0.5 ] ©
0 -
0.4 0.5 0.6 0.67 0.75 1.0

water volume fraction

Figure 4. Interconversion rates and the corresponding time scales in
different THF /water mixtures.

ps) decrease in 40% water (nonideality of THF/water mixtures
plays negligible role in the slowdown; see the Supporting
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Information). No experimental evidence, however, was
observed for the H-bond dynamics of the trans conformer.
This is probably due to the limitation in the detection limit
arising from the smaller population of the non-H-bonded trans
conformer population. Furthermore, interconversion between
non-H-bonded cis and trans conformers was not found in
solutions up to 70% water content within the 2D IR
experimental time window. The weak signal from the reduced
trans population makes it difficult to comment on cis—trans
isomerization at higher water content. Distinct cross peaks are
only observed between C=O populations that are either H-
bonded or engaging in the n — #* interaction.

To date, interpretations regarding the existence of the weak
n — 7* interactions in aqueous solution utilized statistical
surveys of static crystal structures”” and NBO calculations.”’
However, 2D IR results provide direct evidence of the solvent-
mediated interconversion between two energetically disparate
conformers that feature mutually exclusive interactions. The
inherent fluctuations of the water molecules are crucial to the
existence of the n — #* interactions in the presence of H
bonding. The key role of solvent dynamics toward modulating
weak interactions, however, could not be previously
comprehended from theory and indirect structural data.

These results, though obtained for a small molecule, provide
an important and new perspective for the n — 7* interactions
in larger molecular systems. Inherent solvent fluctuation
dynamics cause oxygen lone-pair electrons, which are H-
bonded to the protic solvents, to intermittently engage in weak
n — 7 interactions. Solute—solvent H-bond formation is
expected to be enthalpically favorable over the non-H-bonded
conformer. At the same time, this will result in the loss of
solvent entropy. Therefore, although the solute has many
accessible hydrogen-bonding states, it has been reported that
entropy of the total system, which includes the solute and all of
the solvent molecules, increases when the solute is not H-
bonded.** Thus although enthalpy predicts H bonding, system
entropy favors the non-H-bonded species. Moreover, the non-
H-bonded PF has an extra enthalpic stabilization arising from
the n — #* interaction. Thus a concomitant surge in entropic
contribution in aqueous solution plausibly maintains the
equilibrium between the two energetically unbalanced but
competing interactions. The solvent dynamics provides a
subtle, yet essential, enthalpy—entropy compensation toward
the dynamic equilibrium and helps in the existence of the weak
n — 7* interactions in solution. This is supported by the
estimated non-H-bonded population of PF in neat water from
MD simulation (see the Supporting Information). Dynamic
equilibrium between the H-bonded and non-H-bonded
conformers arising from breaking and reformation of C=0
H bond is also observed during the MD trajectory.

The picosecond interchange reported in this work hints at
critical thermodynamic inferences about n — 7* interactions
from the molecular perspective. Our findings provide the first
direct evidence of interconverting H-bonding and weak n —
7* interactions in aqueous soultion. These results demonstrate
the potential of similar studies, albeit extremely challenging, to
gain a better understanding of n — 7% interactions in
biological and other macromolecular systems in the future.
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