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ABSTRACT: C—H:-O hydrogen bonds are formed in systems Alkyne C-H--O Hydrogen Bonding(T) Large Redshiftin v,
= T -

ranging from biomolecular complexes to small-molecule structures. <N 4 ~ 100 emd

Previous work has focused on the blueshifts in the C—H stretching TXY LN \f g or _I?)

frequency (Ty) induced by these hydrogen bonds and their Y- g 08 H

chemical and biological roles. Here, we show that, in contrast, NV : § 06

terminal alkyne C—H hydrogen bonds exhibit large redshifts (50— & o4

100 cm™) upon hydrogen bonding with oxygen-containing £ o2

solvents. Using spectroscopic and computational approaches, we 2 00

elucidate and compare the roles of the vibrational Stark effect, bond A0

polarization, and charge transfer in driving the C—H redshift. We Wavenumber / cm-!

show that the redshifts of alkyne’s terminal C—H upon the

formation of hydrogen bonds correlate with the Lewis basicity of the solvent and are significantly larger than those arising solely
from solvent electric fields (vibrational Stark effect), differing from the well-studied redshift of carbonyl vibrations induced by
hydrogen bonds. Through a decomposition of vibrational frequency shifts based on DFT calculations using absolutely localized
molecular orbitals, we demonstrate that including the effects of bond polarization and charge transfer, in addition to the vibrational
Stark effect, results in quantitative agreement between experimentally observed C—H frequency shifts and the theoretically predicted
values in various oxygen-containing solvents. Our results highlight the significance of effects beyond pure electrostatics in accounting
for the large redshifts in C—H---O hydrogen bonds and exemplify our approach to quantifying the contributions from different
physical effects.

B INTRODUCTION In particular, we consider whether the redshifts observed for
the terminal alkyne C—H frequencies arise from a similar
electrostatic basis as in the case of carbonyl (C=0) vibrations,
where the bond-stretching frequency exhibits a linear
correlation with the electric field exerted by the environment
along the bond”" and thus is dominated by the vibrational

Nonclassical hydrogen bonds (HB) involving carbon—hydro-
gen (C—H) bonds"” are widely present at hydrophobic
interfaces and in biomolecular interactions.” > The weak bond
polarity of C—H bonds compared to typical hydrogen bond

donors and the varying bonding environments of carbon atoms Stark effect (VSE). We show that when C—H--O hydrogen
enable them to provide a diverse range of interactions, which, bonds are formed, bond polarization and charge transfer
in addition to their biological relevance™®” show promise in (Figure 1C) contribute significantly to the redshift in C—H, in
designir.lg Ssxgthetic. structures with novel functions and addition to the VSE. This reveals a striking difference between
properties. Previous research has focused on C—H--O the physical origins of C—H redshifts as a proton donor and
hydrogen bonds,"' ™' which typically exhibit a blueshift of a the previously reported redshifts in C=O as a proton acceptor
few to a few tens of cm™ in the C—H stretching frequency. in hydrogen-bonding environments.

Theoretical analyses based on electronic structure calculations

attribute the observed blueshift to the sterically induced B RESULTS
contraction of the C—H bond in C—H--O hydrogen
bonds."'~'#'"~'” However, several other possible origins for
the blueshifts have also been proposed.'”*°™*° In contrast,
redshifts in the C—H bond frequency arising from C—H:--O
interactions have not been systematically investigated.' In this Received: December 22, 2024
work, we show that terminal alkyne C—H bonds undergo Revised:  January 29, 2025
substantial redshifts (50—100 cm™') upon the formation of Accepted: February 3, 2025
hydrogen bonds with oxygen-containing solvents such as Published: February 10, 2025
DMSO (Figure 1A,B) and elucidate the underlying mecha-

nisms via a combined spectroscopic and computational study.

To elucidate the physical origins of the C—H bond frequency
shift in solution, we first quantified the electrostatic effect on
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Figure 1. C—H---O hydrogen bond between alkyne terminal C—H and DMSO. (A) Computationally optimized structure of the 1-hexyne:DMSO
dimer complex featuring the C—H--O hydrogen bond. (B) Experimental IR spectra showing the substantial redshift of 100 cm™ in 1-hexyne’s
terminal C—H stretching frequency in DMSO (red) relative to that in hexane (black) due to the C—H--O hydrogen bond with DMSO. (C)
Schematic of physical effects that may contribute to the redshift of C—H observed in DMSO, including the vibrational Stark effect (©), C—H bond
polarization (®), and charge transfer from the lone electron pair of oxygen to 6* of the C—H bond (®). In @, the red and black arrows represent
the bond dipoles of the terminal C—H bond and the S=O bond, respectively. The DMSO molecules surrounding the alkyne solute exert an
electric field on the C—H bond, which can result in a redshift known as the vibrational Stark effect. In @, the red and blue arrows illustrate the
elongation of the C—H bond and the reduction in distance between the H and O atoms due to bond polarization, respectively, which can lower the
C—H stretching vibrational force constant and lead to a redshift. In ®, the red arrow shows interactions between the lone pair of the O atom and

the o* antibonding orbital associated with the C—H bond.

the C—H vibrational frequency (Z-y) experimentally by using
vibrational Stark spectroscopy (VSS). We then combined
vibrational solvatochromism measurements and molecular
dynamics (MD) simulations to demonstrate the substantial
deviation of the experimentally observed shifts in Iy from
those predicted by the linear vibrational Stark effect for
solvents that can form C—H:--O hydrogen bonds. By
performing DFT-based adiabatic energy decomposition
analysis (aEDA) for the model hydrogen-bond complexes,
we further show that the inclusion of bond polarization and
charge transfer results in close agreement with the
experimentally observed frequency shifts, suggesting their key
role in driving the large iy shift in C—H:--O hydrogen bonds.

Vibrational Stark Spectroscopy. We used vibrational
Stark spectroscopy” >’ to directly measure the Ty shift in
response to an externally applied electric field and to establish
the origins of this response as arising from the dipole difference
between the vibrational ground and excited states. Figure 2
shows the IR absorption and the corresponding vibrational
Stark spectra of 1-hexyne in 2-methyl THF at 77 K. As shown
in Figure 2A, the C—H stretch of 1-hexyne shows a single
band. The vibrational Stark spectrum (Figure 2B), which is a
difference spectrum between the field-on and field-off
absorbances, shows the dominance of the second-derivative
of the absorption line shape. Similar spectral results were
observed for phenylacetylene (Figure S1).

The dominant second-derivative line shape of the vibrational
Stark spectra indicates that the response of Ij;; to an electric
field primarily arises from the C—H vibration’s difference
dipole, 1Afi,l. This leads to a linear frequency response to
electric fields: ATy = —IAfi,|Fey, where AZy; and Fy refer
to the C—H frequency shift and the electric field exerted on the
C—H bond (which is defined as the average of field projections
on the two bonding atoms), respectively. lAfi,l, also known as
the Stark tuning rate, is an indicator of the intrinsic sensitivity
of a vibrational probe to electric fields. From the second
derivative contribution, we obtained Stark tuning rates of C—
H, which are 3.13/f and 3.83/f cm™'/(MV/cm) for 1-hexyne
and phenylacetylene, respectively (Table S1). The unitless
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Figure 2. Vibrational Stark spectroscopy of 1-hexyne. (A) The IR
absorption spectrum of the terminal C—H vibration of 1-hexyne (200
mM) in 2-methyl THF at 77 K. (B) The vibrational Stark spectrum of
the terminal C—H vibration (Ae stands for the difference between the
field-on and field-off molar absorptivities), scaled to an applied
electric field of 1.0 MV/cm with best fits and the Oth, first, and second
derivative contributions (Table S1).

local field factor f reflects the difference between the applied
field and the actual field experienced by C—H. Although the
exact value of f is influenced by the polarization of the frozen
glass matrix that creates the local field effect, previous studies
have shown that f is approximately 2 for various glass-forming
solvents,”*** including 2-methyl THF used in this study.
These Stark tuning rates of the alkyne C—H are lar%er than
those of the well-studied C=0 and C=N probes,”" whose
|Afi,l's are ~1=2/f cm™'/(MV/cm), but are similar to the
values for O—H,*® S—H, and N-H,*’ indicating the high
sensitivity of alkyne’s terminal C—H to electric fields.

https://doi.org/10.1021/jacs.4c18102
J. Am. Chem. Soc. 2025, 147, 6227-6235
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Figure 3. Vibrational solvatochromism of 1-hexyne. (A) Normalized experimental IR spectra of 20 mM 1-hexyne in oxygen-containing solvents,
showing significant redshifts in the terminal C—H stretch. A shoulder peak around 3300 cm™ is observed across all solvents, which has previously
been assigned as a Fermi resonance between the terminal C—H stretch fundamental and the combination of the first overtone of the terminal C—H
bend and the C=C stretch fundamental.®>°" In the case of toluene, the more pronounced shoulder peak may also arise from C—H---7 interactions
between the alkyne C—H and toluene as supported by DFT frequency calculations (Figure S10). The frequencies of these shoulder peaks in
oxygen-containing solvents do not correlate with the average solvent electric fields experienced by the non-HB population of alkyne in these
solvents (Figure S11). (B) Normalized experimental IR spectra of 20 mM 1-hexyne in nonoxygen-containing solvents with varying polarities. (C)
Normalized two-dimensional probability density distribution P[d(C4—0,), £H4—Cy—0,]/P,,..x for configurations sampled from MD simulations,
where d(Cy—0,) (the x-axis) represents the distance between the C atom of terminal alkyne and the O atom of DMSO, and £H;—Cy—O, (the y-
axis) represents the angle between the C—H bond vector and the Cy:+-O, axis. The white dotted lines indicate the distance and angle cutoffs for C—
H:---O HBs employed in this work, and the bottom left region of the graph corresponds to the HB configurations. (D) A snapshot from the MD
simulations illustrating the C—H---O hydrogen bond formed between 1-hexyne (solute) and DMSO (solvent).

Vibrational Solvatochromism of Alkyne C—H. Having To provide insights into the geometry of the C—H--O
established the redshift of the terminal alkyne C—H frequency hydrogen bonds formed between 1-hexyne and the solvents,
in response to an applied field, we now consider its response to we performed MD simulations for these systems (see Method
electric fields produced by solvent environments (vibrational 83 for details). As shown in Figure 3C, from the MD
solvatochromism). Across a range of solvents, the terminal C— trajectories, we obtained a probability density distribution of
H vibrational frequency of 1-hexyne shows a redshift as the the H;—Cy—0, angle (£Hy—C4—0,) and the C,—O, distance,
solvent polarity increases (Figure 3A,B, Table S2 and S3), d(C4—0,). Here, £ZH,—C,—O, refers to the angle between the

C—H bond vector and the C---O axis, and d(C4—0,) refers to
the distance between the terminal C atom of the alkyne and
the O atom of the solvent (Figure 3D). The most probable
values of ZH;—C4—0, and d(Cy4—0,) for 1-hexyne in DMSO
are 33.7° and 3.5 A (Figures S2, S3 and Table $4),

) ) - respectively. Figure 3D shows a simulation snapshot from
magnitude than those observed in the C=0 or C=N probes the most probable region in Figure 3C, illustrating a

studied to date, which typic3a}12r5 exhibit a redshift of 10-30 representative geometrical configuration that features a C—
cm™! from hexane to DMSO,”"*> and are also in stark contrast H---O hydrogen bond. In comparison to hydrogen bonds in
with the solvatochromic blueshift (~10 cm™ from hexar;e to liquid water, which are typically identified based on the criteria
DMSO) of an aldehyde C—D reported in our prior work.*® We d(0,~0,) < 3.5 A and £ZH,—0,—0, < 30°> the C—H---O
attribute these large redshifts in the C—H Stretching frequency hydrogen bond between 1_hexyne and DMSO features larger

following a trend similar to that observed for C=0 vibrational
probes.”** While 77;; undergoes a moderate 13 cm™" redshift
from hexane to DCM, we observed more prominent redshifts
of 50—100 cm™" (relative to Iy in hexane) in the four oxygen-
containing solvents. These redshifts are significantly larger in

to the formation of C—H--O hydrogen bonds in the oxygen- donor—acceptor distances and diminished linearity due to the

containing solvents, contrasting with C=0O and C=N probes weaker interaction.

that do not form hydrogen bonds with aprotic solvents like Deviation from the Linear Vibrational Stark Effect in

those used in this study. Oxygen-Containing Solvents. To quantify how electro-
6229 https://doi.org/10.1021/jacs.4c18102
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Figure 4. IR frequency of the alkyne’s terminal C—H in oxygen-containing solvents deviates from the linear VSE but shows a strong correlation
with solvent basicity. (A) Correlation between the measured IR frequency of 1-hexyne’s terminal C—H stretch and the average solvent electric
fields on the C—H bond, obtained from QM calculations performed on the MD-sampled configurations (see Method S4 for details). The
frequencies correspond to the peak maxima positions in Figure 3A. The squares represent nonoxygen-containing solvents. The circles represent
oxygen-containing solvents (Table SS). The least-squares linear fitting, based on the frequency () and field (Fcy) results for the nonoxygen-

containing solvents, yields 7.y = —1.25F; + 33174 (R> = 0.97). Arrows represent the deviation of the measured C—H stretching frequency
from the extrapolated values of the linear VSE in each oxygen-containing solvent. (B) Linear correlation between the IR frequency of C—H (Tg)
and the Gutmann donor number (Dy) of all eight solvents investigated in this study. The least-squares linear fitting gives
Doy = —2.94Dy + 3314.4 (R* = 0.98). (C) Linear correlation between the deviation of ALl from the linear VSE (represented by the arrows

in panel A) and Dy of each oxygen-containing solvent. The least-squares linear fitting gives ATy = 3.4Dy — 37.2 (R* = 0.93).

static interactions contribute to the solvatochromic shifts in
Tcp, we calculated the average solvent electric fields exerted on
the C—H bond (Table S5 and Method S4). Focusing on the
four non-HB solvents first, as shown in Figure 4A, Iy shows a
linear correlation with the average solvent electric field,
suggesting that the redshifts in Zi;; can be accounted for
under the framework of the linear VSE. The gradient of the
line in Figure 44, 1.25 cm™/(MV/cm), gives the Stark tuning
rate |AﬁCH|. This value was measured to be 3.13/f cm_l/(MV/

cm) by VSS (Figure 2B), and thus the local field factor fhere is
around 2.5, similar to values reported in the literature for C=
O and C=N vibrational probes.”"***> Note that the positive
electric field on C—H stabilizes the bond dipole, leading to a
redshift in Zj;p;, which is opposite to the case of C=O0. This is
because a field in the C—H direction is aligned with the C—H
bond dipole, whereas a field in the C—O direction is
antiparallel with the C=0 bond dipole (Figure S4). In
agreement with the VSS results, the Stark tuning rate of 1.25
cm™'/(MV/cm) obtained from the field-frequency correlation
is also much larger than the values of the C=0 and C=N
probes previously studied,”" which usually fall between 0.2 and
0.6 cm™'/(MV/cm). This large IAfi.,| further corroborates
the high sensitivity of the alkyne C—H vibrational frequency to
electric fields, compared to other vibrational probes.

To calculate the average solvent electric fields experienced
by the hydrogen-bonded alkyne C—H in oxygen-containing
solvents, we extracted MD snapshots satisfying the geometric
criterion for HBs (d(C4—0,) < 3.95 A and £«H;—C4—0, <
65.31°) as illustrated in Figure 3C. These cutoff values were
determined as the maximum values of d(C4—0,) and £H —
C4—O, on the contour line corresponding to P[d(C4—0,),
£H4—Cy4—0,]/Pp = 1/e 0.368, where P stands for
probability density calculated from the MD trajectory for 1-
hexyne in DMSO (see Section S6 for additional details).** At
the simulation temperature (300 K), this criterion yields
hydrogen bonds within ~0.6 kcal/mol of the lowest free
energy HB configuration. We observed a correlation between

~
~

6230

the linewidth of the C—H vibration and the calculated standard
deviation of solvent electric fields (Figure S5) in both the non-
HB and HB solvents, similar to previous studies of c=0,%*
confirming that the linewidth observed primarily arises from
inhomogeneous broadening. As shown in Figure 4A, although
the solvent electric fields calculated using the HB config-
urations for the oxygen-containing solvents are larger than the
fields calculated as full-ensemble averages (Figure S6) and
those in nonoxygen-containing solvents, as expected, the large
redshifts in I, significantly deviate from the fitted line
representing the linear VSE. This deviation is unlikely to result
from a significant change in lAfi,| upon the formation of C—
H:---O hydrogen bonds, given that the measured IA_ | of the
hydrogen-bonded C—H in the frozen glass of 2-methyl THF
by VSS is similar to that in non-HB solvents, assuming f = 2.5
(Figures 2 and 4A). Since THF and 2-methyl THF have
analogous chemical structures and exhibit similar dielectric
constants (¢ = 7.4 and 7.0 for THF and 2-methyl THF,
respectively) as well as vibrational solvatochromism for alkyne
C—H (Figure S7), we expect a similar Stark tuning rate IAi,,!

to apply in THF and other oxygen-containing solvents.
Together, these results indicate that additional factors other
than electrostatics play a crucial role in red-shifting Zt-;; upon
the formation of C—H--O hydrogen bonds, in intriguing
contrast with C=O probes, for which linear field-frequency
correlations hold in both non-HB and HB environments.*’
In contrast to the nonlinearity shown in Figure 4A, we
obtained a linear correlation between Ii;; and the Gutmann
donor number of each solvent, across both non-HB and HB
solvent environments (Figure 4B). The Gutmann donor
number”' is a widely used empirical parameter for quantifying
the strength of solvents as Lewis bases, defined by the
formation enthalpy of a 1:1 adduct between antimony
pentachloride (SbCl;) and the solvent of interest. Hence, the
linear correlation shown in Figure 4B indicates the key role of
the solvent’s Lewis basicity in driving C—H frequency shifts.

https://doi.org/10.1021/jacs.4c18102
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Figure 5. Computational analysis of the contributions from bond polarization and charge transfer to the large redshift of Zi-;; upon the formation of
C—H:--O hydrogen bonds. (A) The projection of the DMSO-induced electric field on the terminal C—H (F¢y) calculated (Method S4) in the
course of the scan of the Cy--+O, distance (labeled in inset). The vertical dashed line at 3.2 A represents the Cy+-O, distance within the optimized
HB complex structure. (B) Comparison of electric fields on C—H calculated (i) along the Hg---O, distance scan within the 1-hexyne:DMSO model
complex (black dots) and (ii) using MD-sampled configurations for four oxygen-containing solvents (shown as contour lines, which are generated
based on the statistics of Fcyy and d(Hy:++O,), evaluated on 400 MD snapshots). The electric field values for the model HB complex at different
distances are universally shifted by —25 MV/cm to match the most probable field strength in solvent at varying Hy--O, distances. (C) Correlation
between the calculated Iy and electric field on C—H at varying distances. The least-squares fit for the region of d(Cy-0,) > 3.7 A gives
Uoy = —0.65Fy + 3316.2 (R* = 0.997). The black square at Fg;; = 0 MV/cm shows the computed Ty of an isolated 1-hexyne molecule, which
serves as a cross validation at the zero-field limit and was not included in fitting. The vertical dashed line represents the electric field value at the
same equilibrium distance as in panel A. (D) Adiabatic energy decomposition analysis (aEDA) for the shift in Iy, which was performed at varying
intermolecular Cy-+-O, distances for the 1-hexyne:DMSO complex (Method S5). The vertical dashed line represents the same equilibrium distance
as in panel A. The inset shows the orbitals dominating the polarization (POL) and charge-transfer (CT) processes, with the solid and meshed
orbitals corresponding to the occupied and virtual orbitals, respectively. (E) Linear correlation between the experimentally measured IR frequencies
(Tcy) and the predicted values, including contributions from the VSE, bond polarization, and charge transfer. A least-squares fit with a line passing
ot = 09980 4. (R* = 0.94). For the oxygen-containing solvents, the horizontal arrows correspond to the combined
POL and CT contributions to the redshifts as quantified using aEDA (Table S7).

through the origin gives Z

Moreover, for the oxygen-containing solvents, the deviations of the optimized complex structure where 1-hexyne’s terminal
the Iy values from the fitted VSE line (indicated by the C—H forms a stable hydrogen bond with DMSO at d(Cy-+-O,)
arrows in Figure 4A) also exhibit a strong linear correlation = 3.2 A, we performed a scan of the intermolecular distance
with their Gutmann donor numbers (Figure 4C), suggesting along the Cg4--O, axis and investigated how the C-H
that the additional factors beyond VSE that contribute to the stretching frequency (I-y) and the electric field exerted on
large C—H redshifts are correlated with the Lewis basicity of C—H (Fcy) are predicted to vary upon the formation of the
solvents. Based on these observations and the smaller intrinsic C—H:--O hydrogen bond. At each distance, we calculated Fcy
dipole of C—H compared to C=0O, we hypothesize that C—H using two distinct electronic structure partitioning methods,”®
bond polarization through C—H---O interactions, as well as subsystem-projected atomic orbital decomposition (SPADE)*
charge transfer*”~** from the lone pair of the solvent oxygen and absolutely localized molecular orbitals (ALMO),*” which
atom to the antibonding 6* orbital of C—H,"~** can weaken yielded similar results (Figure S8 and Table S6). We thus focus
the C—H bond and thus significantly red-shift Z."” on the SPADE results in the discussion below.

Bond Polarization and Charge Transfer Across C—H- As shown in Figure SA, Fcy increases monotonically as
O Hydrogen Bonds. To understand the substantial d(C4+-0,) decreases, with the slope becoming notably steeper
deviations from linear VSE in oxygen-containing solvents when d(Cg+-0,) is at 3.7 A or below. We further investigated
(Figure 4A), we employed quantum mechanical (QM) the variation of Fyy with d(Hg+-O,), the distance between the
calculations to investigate a model complex (the hydrogen- donor H and acceptor O, along the intermolecular distance
bonded 1-hexyne:DMSO complex; shown in the inset of scan. The resulting trend is compared to the distribution of
Figure SA) to quantify the contributions of bond polarization Fcy with respect to d(Hg+O,) calculated based on MD-
and charge transfer to the large redshifts in Zj-jy. Starting from sampled configurations for all four oxygen-containing solvents
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using the SPADE partitioning method. We note that the same
set of MD snapshots was used to compute the ensemble-
averaged field values in Figure 4A. Figure 5B shows that with a
constant shift of —25 MV/cm applied to the electric field
values calculated along the intermolecular distance scan, the
resulting values (as indicated by the black dots) closely capture
the overall trend of Fyy vs d(Hy-O,) obtained from the MD
simulations. This supports the relevance of this simple model
complex to the HBs in the more complicated solvent
environments. The discrepancy in the electric field strengths,
manifested by the need for the —25 MV/cm shift, likely reflects
the solvent screening effect on electrostatic interactions, which
reduces the fields obtained from the MD simulations.

Figure 5C shows a linear correlation between 7oy and Fcy
calculated for the model complex when the field is below 40
MV/cm, corresponding to d(Cy+O,) > 3.7 A. This linear
correlation allows for the extrapolation of Ij-yy to Fey = 0,
yielding 7;(F = 0) = 33162 cm™', which is in excellent
agreement with 3316.0 cm™', the calculated gas-phase Iy for
1-hexyne. Notably, these results also align well with the zero-
field Ty (33174 cm™') extrapolated from the linear field-
frequency correlation observed in solvatochromism, as shown
in Figure 4A. These findings show the dominance of the linear
VSE in the long range where the HB donor and acceptor are
well-separated. However, as the intermolecular distance
decreases, Iy starts to deviate from this linear correlation:
at the equilibrium complex structure where d(Cy-O,) = 3.2 A,
Ucy deviates from the trend of linear VSE toward the red end
(lower frequency) by approximately 30 cm™', which
qualitatively aligns with the experimentally observed redshift
(Figure 4A).

To identify the physical origin of this deviation from the
VSE, we used the adiabatic energy decomposition analysis
(aEDA) method*™®* with d(Cy+O,) constrained at the same
set of values (Method SS). This approach calculates Iy at the
optimized geometries on three potential energy surfaces: the
frozen (Frz), polarized (Pol), and full (Full) surfaces. On the
Frz surface, the electronic structure of each monomer remains
unchanged as they would in isolation. Consequently, the bond
polarization and charge transfer effects are decoupled. The
shift in Z;y; from the Frz surface to the Pol surface corresponds
to the contribution of bond polarization, and the further shift
from the Pol surface to the Full surface reflects the
contribution of charge transfer. As shown in Figure 5D, the
curves for the frozen, polarized, and fully relaxed surfaces
largely overlap when d(Cg+-0,) > 3.7 A, indicating minimal
contributions from bond polarization and charge transfer.
Correspondingly, the vibrational frequency shifts in this region
can be well captured by the VSE as shown in Figure 5C. As
d(C4+-0,) decreases, bond polarization and charge transfer
both contribute significantly to the redshift in Iy, accounting
for the substantial deviation from the linear VSE. These effects
both cause red-shifting because they enhance the 6* character
of C—H, which is revealed by the dominant complementary
occupied-virtual pairs (COVPs)*>*' associated with the
polarization and charge-transfer processes (insets of Figure
SD). We also note that without the effects of bond polarization
and charge transfer, Ii;; would be blue-shifted in the short
range due to the effect of Pauli repulsion, which was identified
as the origin of blue-shifting HBs involving C(sp®)—
H."'7""7" In contrast, the much stronger bond polarization
and charge-transfer effects experienced by the more acidic
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alkyne C—H outweigh the effect of Pauli repulsion, resulting in
large redshifts instead.

Given that Ij;;; shows a deviation from the linear VSE in
solvents in the increasing order: cyclohexanone, THF, DMF,
and DMSO (Figure 4A,C), we investigated whether this trend
arises from the varying magnitude of contributions from bond
polarization and charge transfer for each solvent. Using aEDA,
we calculated these contributions to the redshift in I, (Table
S7) when 1-hexyne is hydrogen-bonded to the four oxygen-
containing solvents under the minimum-energy complex
structures (Figure S9). This yielded additional shifts beyond
VSE, Ay porscr of —12.5, —20.1, =214, and —59.7 cm™
for cyclohexanone, THF, DMF, and DMSO, respectively.
Figure SE shows the frequencies (“VSE only”, circles) that
would be expected if the linear VSE trend in Figure 4A
(dashed line) was followed. For each of the oxygen-containing
solvents, this accounts for a shift of around —30 cm™! from the
zero-field frequency (3317.4 cm™'), whereas the experimen-
tally observed frequencies are red-shifted even further in
comparison. Adding the computationally obtained shifts for
the effects of polarization and charge transfer (At por+cr)
that go beyond the simple VSE picture (yielding “VSE+POL
+CT”, squares), one achieves excellent agreement with the
experimentally observed frequencies (R* = 0.94, with a slope of
0.998). This agreement strongly suggests that the large
redshifts in Iy observed in oxygen-containing solvents should
be attributed to a combination of all three effects illustrated in
Figure 1C: VSE, bond polarization, and charge transfer.
Further, this demonstrates that an accurate correction for the
effects beyond VSE could be obtained using aEDA for different
hydrogen-bonding solvents from just the minimum-energy
complex structure, providing a very convenient and efficient
route for including or removing the non-VSE contributions in
other systems.

B DISCUSSION

The significant redshift observed for the terminal alkyne C—H
in DMSO contrasts with the blueshift previously observed for
an aldehyde C—D probe,*® which arises from fundamentally
different physical origins. In the case of aldehyde C—D, the
deuteron is more electronegative than the carbonyl carbon due
to the electron-withdrawing effect of the carbonyl oxygen. As a
result, aldehyde C—D cannot form hydrogen bonds with
oxygen-containing solvents. Instead, its frequency shift is
primarily driven by the VSE, and it experiences a destabilizing
(blue-shifting) solvent electric field that preferentially stabilizes
the more pronounced carbonyl bond dipole. In contrast, the
Lewis acidic nature of the terminal alkyne’s C—H allows it to
form C—H--O hydrogen bonds with oxygen-containing
solvents, leading to significant redshifts, as demonstrated in
this work.

The striking difference between C—H and C=O probes
highlights the more substantial impact of bond polarization
and charge transfer on the vibrational properties of the former
compared to the latter. This can be rationalized by invoking
the concept of bond order: for C=0, which serves as a proton
acceptor, the bond polarization and charge transfer primarily
involve the nonbonding orbitals (lone pairs of oxygen), thus
having a limited impact on the bond strength; in contrast, for
C—H that serves as a proton donor, bond polarization and
charge transfer enhance the partial occupation of the o*
orbital, resulting in more pronounced changes in the bond-
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stretching frequency. Additionally, the behavior of the alkyne
C—H probe also differs markedly from that of the C=N
group, another widely used vibrational probe that can serve as
a proton acceptor. While the formation of HBs typically blue-
shifts the vibrational frequency of C=N, canceling out the
redshift caused by VSE,”””° bond polarization and charge
transfer upon the formation of alkyne C—H--O HBs, in
combination with the VSE, produces substantial redshifts.

B CONCLUSIONS

In summary, we have shown that the terminal alkyne C—H
bond is sensitive to electric fields, and its frequency shift in
non-HB environments can be explained under the vibrational
Stark effect. However, the formation of C—H--O hydrogen
bonds with oxygen-containing solvents can induce a large
redshift in the C—H vibration, and in contrast to carbonyl-
based vibrational probes, this large redshift cannot be solely
attributed to the linear VSE but rather involves substantial
contributions from bond polarization and charge transfer
facilitated by the hydrogen bond. Using a combined
experimental and computational approach, we quantified the
individual contributions of these physical effects to the overall
frequency shifts and elucidated the distinct characteristics of
alkyne C—H compared to other widely used (C=O and
C=N) or recently reported (aldehyde C—D) vibrational
probes.

The ability to incorporate alkyne probes into chemical and
biomolecular systems through amber suppression or site-
specific functionalization strategies utilized in click chemistry
opens exciting possibilities for their application as vibrational
probes in energy and biological sciences.”’ " The unique
features of alkyne C—H demonstrated herein provide
complementary insights into the electrostatics and Lewis
basicity of local chemical environments, expanding on the prior
focus on the C=C vibration. Furthermore, the integrative
approach we present in this work provides a framework for
understanding the physical basis of C—H-involved hydrogen
bonds or any noncovalent interaction probed by vibrational
frequency shifts.
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Materials and Methods

Chemicals that were used in this work are purchased from the following sources without
further purification: hexane (Sigma-Aldrich, 99%), toluene (Sigma-Aldrich, 99.8%), chloroform
(Sigma-Aldrich, 99.8%), tetrahydrofuran (Sigma-Aldrich, 99.8%), dichloromethane (Sigma-Aldrich,
99.8%), cyclohexanone (Sigma-Aldrich, 99.8%), dimethyl formamide (Sigma-Aldrich, 99.8%),
dimethyl sulfoxide (Sigma-Aldrich, 99.8%), 2-methyl tetrahydrofuran (Sigma-Aldrich, 99%), 1-

hexyne (Sigma-Aldrich, 97%), and phenylacetylene (Sigma-Aldrich, 98%).

S1. Vibrational solvatochromism.

As described previously3, 20 mM of the molecule of interest (1-hexyne) was dissolved in
a series of solvents. 20 uL of the prepared sample was then injected into a demountable IR cell,
which was assembled using two CaF, optical windows (19.05 mm diameter, 3 mm thickness,

Lambda Research Optics, Inc.) separated by a pair of Teflon spacers (25 um and 50 um thick).


mailto:tmarkland@stanford.edu
mailto:sboxer@stanford.edu

FTIR spectra were recorded using a Bruker Vertex 70 spectrometer with a liquid nitrogen-cooled
mercury cadmium telluride (MCT) detector (Kolmar Technologies, Inc.) and the sample chamber
was constantly purged with dry air to remove atmospheric water. The spectra were recorded in
a wavenumber window spanning 4000 — 1000 cm™ with 512 scans at 1 cm™ spectral resolution.
The obtained FTIR transmission spectra were converted to the corresponding absorption spectra
using the neat solvent spectra taken under similar conditions as the reference. Data collection

and processing were performed by the spectroscopy software OPUS 5.0.

S2. Vibrational Stark spectroscopy.

As described previously'3, the alkyne molecules of interest were dissolved in 2-methyl
THF and added in a Stark cell that was assembled using two CaF; optical windows (1 mm thickness,
12.7 mm diameter, FOCtek Photonics) separated by Teflon spacers (~26 pum thick). For each Stark
window, a nickel layer of 4.5 nm was deposited on one side (the inner surface on the Stark cell)
by which an external electric field can be applied to the Stark cell. Upon adding the sample, the
Stark cell was immediately plunged into a customized cryostat? filled with liquid nitrogen. The
Stark spectra were recorded by a Bruker Vertex 70 spectrometer with 64 scans at 1 cm™ spectral
resolution with an external electric field ranging from 0.5 to 1.5 MV/cm, which was applied via a
Trek 10/10 high-voltage power amplifier. The obtained Stark spectra were analyzed by a
numerical fit using the zeroth, first, and second derivative contributions of the corresponding
absorption spectrum or its best-fit Voigt profile as previously described! to reduce the noise and
interference. The Stark tuning rates were determined by the second derivative contribution and

reported as |Afi|f, where the local field factor f takes into account the difference between the



applied electric field and the actual electric field experienced by the vibrational probe!® due to

the presence of the frozen-glass matrix.

S3. Fixed-charge MD simulations of alkynes in solvents.

The alkyne molecule of interest was constructed and then geometry-optimized in
Gaussian 16° using density functional theory (DFT) at the B3LYP/6-311++G(2d,2p) level. The atom
coordinates of the optimized structure were then imported into the Antechamber program of
AmberTools16’ for parameterization using the Amber ff99SB-ILDN force field. The obtained force
field parameters for the alkyne molecule are shown below. The force field parameters for organic
solvents were taken from Caleman et al.® All simulations were performed by GROMACS 2018° as
previously described.! Briefly, a single solute molecule was placed in the center of a cubic
solvation box (4x4x4 nm3) filled with solvent molecules. Under periodic boundary conditions, the
system was energy-minimized until the maximum force is less than 1000 kJ/mol/nm, followed by
NVT and NPT equilibration runs (100 ps for each). MD production runs were performed over 1 ns
with 2 fs steps, with a van der Waals cutoff of 10 A (with analytical vdW correction), an
electrostatics cutoff of 10 A (with particle mesh Ewald method), an SD (leap-frog stochastic
dynamics) integrator, the Berendsen thermostat (T =300 K)!° and the Parrinello-Rahman barostat

(P=1.0bar).1?

S4. Electric field calculations using electronic structure methods
The ensemble-averaged electric field projections on the terminal C—H of 1-hexyne in

various solvents were calculated using electronic structure methods based on DFT. For each



solvent, a subset of frames from the MD trajectory was selected for electric field calculations: for
solvents that contain no oxygen atoms and form no H-bonds with the alkyne’s terminal C—H
(hexane, toluene, chloroform, and DCM), 100 evenly-spaced frames were selected from the 1-ns
trajectory; for oxygen-containing solvents that can form H-bonds with alkyne’s C—H, we first
grouped the MD snapshots into HB and non-HB categories based on the cutoff values for d(Cg4---0a)
and £Hgy-C4-0O, determined using the method described in Section S6 and then selected 100
frames from each group for field calculations. Given the selected MD frames, we calculated the
solvent electric field on 1-hexyne’s terminal C—H using a DFT-based electronic structure
partitioning method as documented in our previous work.!? In brief, we first generated truncated
solute-solvent clusters with a cutoff radius 7 A, i.e., the center-of-mass of each included solvent
molecule is within 7 A of at least one of the atoms in 1-hexyne. We then adopted the subsystem
projection atomic orbital decomposition (SPADE)'3 method as a post-processing step of the self-
consistent field calculation at the B3LYP/6-31+G(d) level for each truncated solute-solvent
complex, which allowed us to assign occupied molecular orbitals (MOs) to the solute and solvent
subsystems. The electron density generated from the occupied MOs assigned to the solvent
moiety, together with the solvent atomic nuclei, was then employed to evaluate the electric field
vectors on the carbon and hydrogen atoms of 1-hexyne’s terminal C—H group. For each given
snapshot, the solvent electric field projection along the C—H bond (Fq_y) is defined as the

average of the field projections on the two bonding atoms:
1 - N - N
Feyg = > (Fc'fe-u + Fu * fc-n)

where ﬁc and ﬁH are solvent electric field vectors evaluated at the nuclear positions of atoms C

and H, respectively, and 7-_y denotes the unit vector along the bond direction. An average over



all selected frames then produces the ensemble-averaged value of F_y for each solvent (or for
the HB or non-HB population of a given solvent). All the DFT-based electric field calculations were

performed using the Q-Chem 5.4 software package.'*

S5. Adiabatic energy decomposition analysis

We employed the adiabatic energy decomposition analysis (aEDA) based on absolutely
localized molecular orbitals (ALMOs)'>1 to reveal the physical origin of the large frequency shifts
of the alkyne’s terminal C—H when it is H-bonded to oxygen-containing solvents. This method
allows for the decomposition of molecular property shifts arising from noncovalent interactions
by introducing two intermediate states between the initial (isolated fragments) and final
(geometrically relaxed complex) states of intermolecular binding: (1) the frozen (Frz) state, where
monomers interact with each other through permanent electrostatics, Pauli repulsion, and
dispersion interaction” with no electronic structure relaxation involved; (2) the polarized (Pol)
state, which further incorporates the intra-fragment relaxation of each monomer’s electronic
structure in the presence of other monomers while forbidding charge transfer between them. By
relaxing the complex geometry and calculating the molecular properties in these two
intermediate states (and the initial and final states), one can decompose the shift in a given
molecular property into contributions from frozen interaction (FRZ), polarization (POL), and
charge transfer (CT). Using vibrational frequency shifts as an example, we have

AVroral = AVgrz + AVpor + AVer

AVgrz = VErz — Vmonomer

AVpoL = Vpol — VErz



AVer = Vrun — Vpol

Here Avroia is the total frequency shift upon the formation of an intermolecular complex. By
evaluating the frequency of a target vibrational mode (the alkyne’s terminal C-H stretch mode in
our case) in the isolated monomer state (Viponomer) @nd those in the frozen (Vg.,) , polarized
(Vpo1), and fully relaxed (Vg,;) states, one is able to quantify the FRZ, POL, and CT contributions
to the overall shift Avpyea). This method has been successfully employed to uncover the physical
origins of red- and blue-shifting H-bonds!>1¢18 and frequency shifts of C=0 in metal-carbonyl
complexes.%-2

In this work, we performed ALMO-based aEDA calculations on the H-bonded dimer
complexes formed between 1-hexyne and each of the oxygen-containing solvents (THF,
cyclohexanone, DMF, and DMSO) to shed light on the vibrational frequency shifts associated with
the formation of HBs. All the aEDA-related calculations described below were performed at the
®B97X-V2?/def2-TZVPD*2* |evel of theory using the release version of Q-Chem 5.44, The
harmonic frequencies were scaled by a constant factor of 0.954 based on the recent benchmark
by Liang et al.?> We first identified the minimum-energy configurations of each dimer complex by
performing geometry optimizations with varying starting structures. The optimized minimum-
energy structures are exhibited in Figure S9, which were all verified to be energy minima by
harmonic frequency calculations. The value of Vg, for each complex was also obtained from this
frequency calculation. Then, starting from the fully relaxed structures, we performed geometry

optimization followed by harmonic frequency calculations on the polarized and frozen surfaces

sequentially, from which the values of vp, and Vg, were obtained. Combining Vgy1, Vpo1, and



Verz With the harmonic C—H frequency calculated at the relaxed monomer structure of 1-hexyne
(Vmonomer), We calculated the values of AVggy, AVpgy, and AVt for each HB dimer complex.

To unravel the distance-dependence of the vibrational frequency shift and its
decomposition in an HB complex, we further performed ALMO-based atEDA for the 1-
hexyne:DMSO complex at varying intermolecular distances. The scanned coordinate, d(Cq4---0a),
isillustrated in Figure 5A in the main text. Starting with the equilibrium structure where d(Cq4---Oa)
=3.2 A, we performed a scan of its value from 3.0 Ato 4.6 A in 0.05 A intervals. Then, with
d(Cq++-0a) constrained at each given value along the scan, we re-optimized the geometry of the
complex on the potential energy surfaces associated with the frozen, polarized, and fully relaxed
states in the aEDA scheme and performed harmonic frequency analysis to obtain the value of
Vcy in each of these states. These calculations yield the results shown in Figure 5C. We note that
since the constraint was only applied to the distance between Cq and O,, the two monomers were
allowed to rotate relative to each other. Such rotations are responsible for the crossing of the
“Pol” and “Full” curves between 3.6 and 3.8 A.

To identify the contribution from the linear VSE to the shift in vy, we also calculated the
electric field exerted by DMSO on 1-hexyne’s terminal C—H bond along the intermolecular
distance scan. For these calculations we employed the dimer structures optimized on the fully
relaxed surface at each fixed value of d(Cq:--Oa). In addition to the SPADE partitioning method
that was introduced above, we also evaluated the electric field using the electron density
generated from the polarized ALMOs belonging to the DMSO fragment, which serves as an
alternative approach to partitioning the electronic structure. These two methods, as in our

revious work'?, yielded very similar results at all scanned distances (Figure S8). To be consistent
p



with the electric field calculations for the solute-solvent complexes (Section S4 above), the
electric fields here were also computed at the B3LYP/6-31+G(d) level.

To illustrate the changes in the electronic structure around the C—H bond in the 1-
hexyne:DMSO complex during the polarization and charge-transfer processes, we performed the
complementary occupied-virtual pairs (COVPs) analysis associated with the recently developed
non-perturbative polarization and charge-transfer analysis schemes?®?’. The COVPs were
calculated based on an ALMO-EDA calculation using the optimized minimum-energy structure of
the 1-hexyne:DMSO complex at the ®B97X-V/def2-TZVPD level. Note that this is not an adiabatic
EDA calculation and does not involve relaxation of the complex geometry. The fragment electrical
response function?® (FERF) approach was employed for the determination of the polarization and
charge-transfer energies. The contours of the polarization and charge-transfer COVPs that make
the greatest contribution to energy lowering were then visualized with an isovalue 0.04 A3 This

analysis was performed using a newer version (6.1) of the Q-Chem software package.

S6. Determination of hydrogen bond cutoffs

Since the C—H---O hydrogen bonds are substantially weaker than conventional HBs, the
commonly used criterion for H-bonding? (d(Cqe-+-0.) < 3.5 A, and £Hg-Cy-0a < 30°) turned out
to be unreasonably stringent such that the majority (> 90%) of the MD snapshots would be
determined to have no HBs. Here we employed a free-energy-based method3° to obtain the
customized distance and angle cutoffs for the hydrogen bonds formed between 1-hexyne and
the oxygen-containing solvents. For each MD snapshot for a given solvent, we first identified the

solvent molecule that has the closest contact with 1-hexyne’s terminal C—H (as measured by



d(Cg-0a)) and then recorded the d(Cg4-Oa) and £ Hg¢-Cy-Oa values. We then employed the
Gaussian kernel density estimation (KDE) method available in SciPy’s stats module to generate
the probability density function P(r,0) on a 30x30 2-D grid, where r and 8 correspond to
d(Cq4---0a) and £Hg-C4-0,, respectively. Denoting the maximum probability density as P, and
setting that as the free energy zero point, the free energy (F) at a given pair of r and 8 values is
given by
F(r,8) = —ksT In[P(r,6)/Pra,

where kg is the Boltzmann constant and T is the temperature (300 K) at which the MD
simulations were conducted.

In this work, we set 1kzT as the free energy cutoff for HBs, which corresponds to
P(r,0)/Pnax = 1/e = 0.368. In Figure S4, we plotted the contour line for P(r,8)/Pnax = 0.368
for all four oxygen-containing solvents. The region inside this contour line corresponds to HB
configurations whose free energy is within 0.6 kcal/mol from the most favorable (with minimum
free energy) configuration. The greatest r and 8 values on this contour line were then adopted
as the distance and angle cutoffs ., and ., respectively. Using the cutoff values obtained, a
given MD snapshot will be classified as a H-bonded configuration if d(Cq:--0Oa) < 7t and £Hgy-Cy-
0a < B¢yt

The 7.yt and O, values determined using the procedure described above are shown in
Table S8. We then tested two different approaches to determine the average solvent electric
field exerted on the alkyne C-H bonds: (i) using the individual cutoff values determined for each
solvent; (ii) using the more stringent cutoff values determined for DMSO throughout for all four

solvents. Table S5 exhibits the average Fcy values calculated using these two approaches: for



cyclohexanone and DMF, approaches (i) and (ii) yield very similar results (20.08 vs. 20.21 MV/cm
for cyclohexanone; 25.90 vs. 25.36 MV/cm for DMF), but for THF, the cutoff values obtained for
itself are unreasonably loose (with 8., > 90°), yielding significantly underestimated average
value of Fy for the HB configurations (9.20 vs. 21.23 MV/cm with approaches i and ii). To
simplify the discussion, we focused on the average field values calculated using method (ii) in the

main text.
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Supplementary Figures
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Figure S1. Vibrational Stark spectroscopy of phenylacetylene. (A) The infrared absorption
spectrum of the terminal C-H vibration of phenylacetylene in 2-methyl THF at 77 K. (B) The
vibrational Stark spectrum of the terminal C-H vibration scaled to an applied electric field of 1.0
MV/cm with best fits and the Oth, 1st, and 2nd derivative contributions (Table S1).
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Figure S2. Normalized probability density distribution P(d(Cq4-0.)) for 1-hexyne in four oxygen-
containing solvents obtained from MD simulations. d (C4-Oa.) (the x-axis) represents the
distance between the C atom of 1-hexyne’s terminal C—H and the O atom of the nearest-neighbor
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Figure S3. Normalized two-dimensional probability density distribution P[d(C4-0.), £Hg-C4-Os]
divided by the maximum probability density Pmax for 1-hexyne in four oxygen-containing
solvents. d (C4-O.) (the x-axis) represents the distance between the C atom of 1-hexyne’s
terminal C—H and the O atom of the nearest-neighbor solvent molecule, and £Hg4-C4-O, (the y-
axis) represents the angle between the C-H bond vector and the Cq4---:O, axis. The maximum d(Cq-
0a) and £Hg4-Cg4-O4 values on the contour line of value 0.368 (1/¢) were adopted as the cutoff
values to identify HB configurations.
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Figure S4. Comparison of the bond dipole direction of C—H and C=0. The red arrows depict the
bond dipole directions (pointed from negative partial charge to positive partial charge). A positive
electric field along the C=0 bond is antiparallel with the C=0 bond dipole, resulting in bond
destabilization and blueshift. On the other hand, a positive electric field along the alkyne C-H
bond stabilizes the bond dipole and thus leads to a redshift in the C-H frequency.
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Figure S5. Correlation between the standard deviation of calculated solvent electric fields and
the IR linewidth of 1-hexyne’s C-H vibration. The least-squares linear fitting gives FWHM(C-H) =
3.8<STDEV> — 16.06 (R? = 0.71). The standard deviation of electric fields in oxygen-containing
solvents is calculated for the hydrogen-bonded solute population based on the cutoff values of

DMSO (Table S5)
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Figure S6. Correlation between the IR frequency of 1-hexyne’s C-H vibration (V¢y) in solvents
and the average solvent electric field. The circles in the plot show the correlation in non-oxygen-
containing solvents. The triangles show the correlation between vy and the average solvent
electric fields exerted on the C-H bond, while the squares show the correlation between vy and
the average solvent electric fields of the hydrogen-bonded solute population.
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Figure S7. IR spectra of 1-hexyne terminal C-H in THF and 2Me-THF. (A) Comparison of the IR
spectra of the terminal C-H in liquid THF (orange) and 2Me-THF (blue) at room temperature. (B)
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Figure S8. The electric field exerted by the DMSO molecule on 1-hexyne’s terminal C-H bond
along the scan of the Cq4::-O, distance. The field projections were calculated using the dimer
structures optimized on the fully relaxed (“Full”) surface at the B3LYP/6-31+G(d) level of theory.
Two electronic structure partitioning methods, SPADE and ALMO, were used and produced

similar results.
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Figure S9. Optimized HB dimer structures of 1-hexyne with THF, cyclohexanone (CXH), dimethyl
formamide (DMF), and DMSO in the minimum-energy configurations. The geometry
optimizations were performed at the ®B97X-V/def2-TZVPD level.
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Figure S10. The shoulder IR peak of 1-hexyne’s C-H in toluene. (A) The IR spectrum of C-H can
be fitted by two peaks that are 13.6 cm™ apart. (B) The lineshape of 1-hexyne’s C-H remains
unchanged in the concentration range of 10 and 100mM. The red trace is the 10-times amplified
IR spectrum of 10 mM 1-hexyne in toluene, which aligns with the IR spectrum of 100 mM 1-
hexyne in toluene. (C) Harmonic frequency calculations of a DFT-optimized 1-hexyne:toluene
dimer complex at the B3LYP/6-311++G(d,p) level showed a 18.7 cm™ redshift in C—H as a result
of the C—H---m interaction. This redshift is in good agreement with the experimentally observed
redshift (13.6 cm™) in Panel A.
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Figure S11. The shoulder IR peaks (Figure 3A) of 1-hexyne’s C-H observed in oxygen-containing
solvents do not correlate with the ensemble-averaged solvent electric fields calculated based
on the non-HB MD configurations (identified using the procedure defined in Section S6). The
linear field-frequency correlation was established based on the IR frequencies of C-H and average
solvent electric fields in non-oxygen-containing solvents.
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Supplementary Tables

Table S1. Vibrational Stark effect data

Vibrational mode | Conc. | Solvent | Peak position | FWHM A? B C |Af|f ecm/ (MV/cm)
M cm? cm? cm? cm??
1-hexyne 1 2MeTHF 3223.2 34.9 -7.60 4.55 0.98 3.13
C-H x10* | x 103
Phenylacetylene 0.2 2MeTHF 3198.7 38.5 1.48 2.96 1.47 3.83
C-H x10* | x 103

@A, B, and C are the fitting coefficients for the Stark spectra, corresponding to the 0™ (A), 15¢(B), and 2™ (C) derivative
contributions respectively.3! The Stark tuning rates (| Ap|f) can be extracted from the coefficient of the 2" derivative
contribution (C) assuming the difference dipole of the vibrational mode is parallel with its transition dipole

moment.3!

Table S2. FTIR data analysis of 1-hexyne in non-oxygen-containing solvents by curve fit

Solvent Peak position FWHM
cm’? cm’?
Hexane 3318.1 6.0
Toluene? 3310.3 13.8
Chloroform 3307.7 14.4
DCM 3304.7 12.6

aThe shoulder peak has a peak position at 3296.7 cm™* with FWHM of 27.9 cm™.

Table S3. FTIR data analysis of 1-hexyne in oxygen-containing solvents by curve fit

Solvent Shoulder peak Main peak
Peak position FWHM Peak position FWHM
cm? cm? cm? cm?
THF 3291.8 20.5 3257.7 52.0
Cyclohexanone 3309.0 25.9 3268.9 44.9
Dimethyl Formamide 3297.2 33.1 3240.4 55.8
DMSO 3285.7 43.7 3218.9 63.2

Table S4. Nearest-neighbor analysis of MD trajectories for oxygen-containing solvents

Solvent Most probable d(Cy-+0.) (A) Most probable £Hg4-C4-0, (°)
THF 3.622 46.13
Cyclohexanone 3.510 41.34
Dimethyl Formamide 3.506 38.58
DMSO 3.537 33.69

1
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Table S5. Average solvent electric fields projected on the C-H of 1-hexyne computed using the
SPADE electronic structure partitioning method, with solute-solvent configurations sampled
from fixed-charge MD.

Non-hydrogen-bonding solvents
Solvent Average F(C-H) Standard deviation
(MV/cm) (MV/cm)
Hexane -0.857 3.094
Toluene 6.822 12.112
Chloroform 7.404 9.856
DCM 9.403 12.321
Hydrogen-bonding solvents
Solvent Average F(C- Standard Average F(C- Standard Average Standard
H)2¢ deviation®* H)2¢ deviation®¢ F(C-H)>¢ | deviation®®
(MV/cm) (MV/cm) (MV/cm) (MV/cm) (MV/cm) (MV/cm)
THF 9.20 15.68 21.23 16.23 23.73 15.36
Cyclohexanone 20.08 15.52 20.21 13.31 22.43 13.27
Dimethyl 25.90 18.64 25.36 15.26 27.51 15.09
Formamide
DMSO 24.21 20.96 24.21 20.96 27.27 20.92

3Electric fields calculated using the SPADE partitioning method.
®Electric fields calculated using the ALMO partitioning method.
‘Electric fields calculated based on HB configurations identified using solvent-specific distance

and angle cutoffs.

dElectric fields calculated based on HB configurations identified using the cutoff values of DMSO.
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Table S6. Adiabatic energy decomposition analysis results for 1-hexyne’s terminal C—-H
stretching frequency? in 1-hexyne and electric fields on C-H as changing the distance between
1-hexyne and DMSO.

d(Cq+-03) Vg Vpol Veull Electric field Electric field
(A) (cm't) (cmY) (cm2) on C-H (SPADE) on C-H (ALMO)
(MV/cm) (MV/cm)
3.00 3342.6 3313.4 3226.3 98.835 103.668
3.05 3336.3 3305.8 3226.2 94.715 99.143
3.10 3330.0 3298.6 3227.5 90.243 94.296
3.15 3324.0 3292.2 3231.0 85.119 88.849
3.20 3317.8 3286.4 3234.2 80.765 84.153
3.25 3312.4 3282.0 3237.0 76.567 79.649
3.30 3307.3 3279.1 3242.1 71.812 74.635
3.35 3302.5 3277.6 3247.1 67.490 70.073
3.40 3298.5 3276.1 3251.5 63.457 65.824
3.45 3295.4 3275.2 3255.7 59.646 61.821
3.50 3293.5 3275.2 3260.2 55.898 57.911
3.55 3291.8 3276.6 3265.3 52.310 54.182
3.60 3290.7 3277.8 3270.2 48.770 50.519
3.65 3290.1 3279.6 3280.2 43.965 45.563
3.70 3290.9 3282.5 3285.9 40.422 41.868
3.75 3291.5 3288.8 3290.7 37.576 38.891
3.80 3292.7 3292.0 3292.4 35.407 36.628
3.85 3297.1 3294.3 3294.2 33.522 34.671
3.90 3298.0 3296.5 3295.5 31.801 32.889
3.95 3299.2 3297.6 3296.4 30.229 31.267
4.00 3300.3 3298.1 3297.8 28.769 29.774
4.05 3301.0 3298.9 3298.6 27.426 28.392
4.10 3301.7 3300.0 3299.6 26.173 27.103
4.15 3302.4 3300.6 3300.1 24.978 25.882
4.20 3302.8 3301.4 3300.8 23.856 24.737
4.25 3303.6 3302.0 3301.5 22.793 23.654
4.30 3304.5 3302.6 3302.1 21.787 22.630
4.35 3304.7 3303.2 3302.7 20.832 21.659
4.40 3305.0 3304.1 3303.2 19.927 20.738
4.45 3305.2 3304.2 3303.7 19.062 19.860
4.50 3305.9 3304.8 3304.5 18.246 19.029
4.55 3306.3 3305.2 3305.0 17.433 18.206
4.60 3306.7 3305.7 3305.2 16.723 17.478

®The frequency calculation using the same level of theory for the isolated 1-hexyne in vacuo gives V¢ = 3316.0 cm™. A
scaling factor of 0.954% has been applied to all the frequency calculation results.
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Table S7. Adiabatic EDA results for V¢y? in the complexes of 1-hexyne with THF, cyclohexanone
(CXH), DMF, and DMSO in the minimum-energy dimer configurations. No geometric constraints
were applied in this set of calculations. The rightmost column shows the combined polarization
and charge-transfer contribution to the frequency shifts, which are calculated as
AVch poL+ct = Upull — Urrz and used as the shift from the “VSE only” to “VSE+POL+CT” points
in Figure 5E in the main text.

Solvent Uprz (cm™) Upor (cm™) Upun (cm™) Avegpor+cr (cm™)
THF 3304.2 3297.9 3284.1 -20.1
CXH 3301.4 3295.4 3288.9 -12.5
DMF 3299.0 3290.4 3277.6 -21.4
DMSO 3294.4 3277.9 3234.7 -59.7

®The frequency calculation using the same level of theory for the isolated 1-hexyne in vacuo gives V¢ = 3316.0 cm™. A
scaling factor of 0.954% has been applied to all the frequency calculation results.

Table S8. The distance and angle cutoffs for oxygen-containing solvents determined using the
approach described in Section S6.

Solvent Cutoff for d(Cqg-+-0a) (A) Cutoff for £ZHg-C4-0, (°)
THF 4.38 97.14
Cyclohexanone 4.09 74.55
Dimethyl Formamide 3.98 80.79
DMSO 3.95 65.31
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Computational Data

Force Field Parameters for 1-Hexyne

[ defaults ]

; nbfunc comb-rule  gen-pairs  fudgel) fudgeQQ

1 2 yes 0.5 0.8333

[ atomtypes ]

;name bond_type mass charge ptype sigma epsilon  Amb

c3 c3 0.00000 0.00000 A 3.39967e-01 4.57730e-01;1.91 0.1094
hc hc 0.00000 0.00000 A 2.64953e-01 6.56888e-02;1.49 0.0157
cl cl 0.00000 0.00000 A 3.39967e-01 8.78640e-01;1.91 0.2100
ha ha 0.00000 0.00000 A 2.59964e-01 6.27600e-02;1.46 0.0150

[ moleculetype ]

’

’

mass ; qtot bond_type

MOL C 1 -0.093100 12.01000; qtot-0.093

;name nrexcl

MOL 3

[atoms ]
nr type resi res atom cgnr charge
1 c3 1
2 hc 1 MOL H 2 0.033700
3 hc 1 MOL H1 3 0.033700
4 hc 1 MOL H2 4 0.033700
5¢3 1 MOL C1 5 -0.081400
6 hc 1 MOL H3 6 0.038700
7 hc 1 MOL H4 7 0.038700
8 c3 1 MOL C2 8 -0.076400
9 hc 1 MOL H5 9 0.047700
10 hc 1 MOL H6 10 0.047700
11 ¢3 1 MOL C3 11 -0.004300
12 hc¢ 1 MOL H7 12 0.058700
13 hc¢ 1 MOL H8 13 0.058700
14 ¢1 1 MOL C4 14 -0.138100
15 ¢c1 1 MOL C5 15 -0.162500
16 ha 1 MOL H9 16 0.164500

[ bonds ]

; ai ajfunct r k
1 2 1 1.0969e-01 2.7665e+05;
1 3 1 1.0969e-01 2.7665e+05;
1 4 1 1.0969e-01 2.7665e+05;
1 5 1 1.5375e-01 2.5179e+05;
5 6 1 1.0969e-01 2.7665e+05;
5 7 1 1.0969e-01 2.7665e+05;
5 8 1 1.5375e-01 2.5179e+05;
8 9 1 1.0969e-01 2.7665e+05;
8 10 1 1.0969e-01 2.7665e+05;
8 11 1 1.5375e-01 2.5179e+05;
11 12 1 1.0969e-01 2.7665e+05;
11 13 1 1.0969e-01 2.7665e+05;
11 14 1 1.4671e-01 3.1095e+05;
14 15 1 1.1983e-01 7.7295e+05;
15 16 1 1.0668e-01 3.1355e+05;

1.00800 ; qtot -0.059
1.00800 ; qtot -0.026
1.00800 ; gtot 0.008
12.01000 ; gtot -0.073
1.00800 ; gtot -0.035
1.00800 ; gtot 0.004
12.01000 ; gtot -0.072
1.00800 ; gtot -0.025
1.00800 ; gtot 0.023
12.01000 ; gtot 0.019
1.00800 ; gtot 0.077
1.00800 ; gtot 0.136
12.01000 ; gtot -0.002
12.01000 ; gtot -0.165
1.00800 ; gtot 0.000

C-H
C-H1
C-H2
c-c1
Cl1-H3
Cl-H4
Cl-C2
C2-H5
C2-Hé6
C2-C3
C3-H7
C3-H8
C3-C4
C4-GC5
C5-H9
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; ai aj
9
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NN NOR
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[angles]
; ai aj
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=
o
(o]

funct

1;

ak

OCuuhulbhwWwoNO

=
BSOOOO\I'_‘O

14
10
11

11

C-H5
C-H6
C-C3
H-H3
H-H4
H-C2
H1-H3
H1-H4
H1-C2
H2 - H3
H2 - H4
H2 - C2
C1-H7
C1-H8
Cl-C4
H3 - H5
H3 - H6
H3-C3
H4 - H5
H4 - H6
H4 - C3
C2-GC5
H5 - H7
H5 - H8
H5-C4
H6 - H7
H6 - H8
H6 - C4
C3-H9
H7 - C5
H8 - C5

funct theta

1 1.0980e+02
1.0980e+02
1.1151e+02
1.0758e+02
1.0758e+02
1.0980e+02
1.0758e+02
1.0980e+02
1.0980e+02
1.0980e+02

PR R RRRRRBR

1 1.0980e+02 3.8744e+02;
1 1.1151e+02 5.2635e+02;

1 1.0758e+02
1 1.0980e+02
1 1.0980e+02

1 1.0980e+02 3.8744e+02;
1 1.0980e+02 3.8744e+02;
1 1.1171e+02 5.3723e+02;
1 1.0758e+02 3.2970e+02;
1 1.0980e+02 3.8744e+02;
1 1.0980e+02 3.8744e+02;

cth

3.8744e+02 ;
3.8744e+02 ;
5.2635e+02 ;
3.2970e+02 ;
3.2970e+02 ;
3.8744e+02 ;
3.2970e+02 ;
3.8744e+02 ;
3.8744e+02 ;
3.8744e+02 ;

3.2970e+02 ;
3.8744e+02 ;
3.8744e+02 ;

H2-C

Cl-C2
Cl-C2
Cl-C2
H3-C1
H3-C1
H4-C1
C2-C3
C2-C3
C2-C3
H5-C2
H5-C2
H6 - C2

-2
-H1
-H2
-c1
-H2
-c1
-c1
-H5
-H6
-c3
-H4
-C2
-C2
-H7
-H8
-Cc4
-H6
-C3
-c3
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11 14 15 1 1.7851e+02 4.7028e+02; C3-C4 -GC5
12 11 13 1 1.0758e+02 3.2970e+02; H7-C3 -HS8
12 11 14 1 1.0941e+02 4.0501e+02; H7-C3 -C4
13 11 14 1 1.0941e+02 4.0501e+02; H8-C3 -C4
14 15 16 1 1.7911e+02 3.7070e+02; C4-C5 -H9

[ dihedrals | ; propers

; treated as RBs in GROMACS to use combine multiple AMBER torsions per quartet

;1 j kI func CO Cc1 Cc2 C3 Cca c5

9 3 0.66944 2.00832 0.00000 -2.67776 0.00000 0.00000; C- C1- C2- H5
10 3 0.66944 2.00832 0.00000 -2.67776 0.00000 0.00000; C- C1- C2- He6
11 3 3.68192 3.09616 -2.09200 -3.01248 0.00000 0.00000; C- Ci1- C2- C3
0.62760 1.88280 0.00000 -2.51040 0.00000 0.00000; H- C- Ci1- H3
0.62760 1.88280 0.00000 -2.51040 0.00000 0.00000; H- C- C1- H4
0.66944 2.00832 0.00000 -2.67776 0.00000 0.00000; H- C- C1- C2
0.62760 1.88280 0.00000 -2.51040 0.00000 0.00000; H1- C- C1- H3
0.62760 1.88280 0.00000 -2.51040 0.00000 0.00000; H1- C- C1- H4
0.66944 2.00832 0.00000 -2.67776 0.00000 0.00000; H1- C- Ci1- C2
0.62760 1.88280 0.00000 -2.51040 0.00000 0.00000; H2- C- C1- H3
0.62760 1.88280 0.00000 -2.51040 0.00000 0.00000; H2- C- C1- H4
0.66944 2.00832 0.00000 -2.67776 0.00000 0.00000; H2- C- Ci1- C2
11 12 3 0.66944 2.00832 0.00000 -2.67776 0.00000 0.00000; C1- C2- C3- H7
11 13 3 0.66944 2.00832 0.00000 -2.67776 0.00000 0.00000; C1- C2- C3- H8
11 14 3 0.65084 1.95253 0.00000 -2.60338 0.00000 0.00000; C1- C2- C3- 4

[Ca RO, G, G, G, G, O, B0, B ) B o B e e R
00N OO NO
wWwwwwwwww

VU U WU ®ORERLRERLRRRERRERRRERROOO

CLOUWUOVWOONNNOTOOOODULUULEDEREPR,WWWNNNERRR

8 9 3 0.62760 1.88280 0.00000 -2.51040 0.00000 0.00000; H3- Ci1- C2- H5
8 10 3 0.62760 1.88280 0.00000 -2.51040 0.00000 0.00000; H3- C1- C2- H6
8 11 3 0.66944 2.00832 0.00000 -2.67776 0.00000 0.00000; H3- C1- C2- C3
8 9 3 0.62760 1.88280 0.00000 -2.51040 0.00000 0.00000; H4- C1- C2- H5
8 10 3 0.62760 1.88280 0.00000 -2.51040 0.00000 0.00000; H4- C1- C2- H6
8 11 3 0.66944 2.00832 0.00000 -2.67776 0.00000 0.00000; H4- C1- C2- C3
11 14 15 3 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000; C2- C3- C4- G5
8 11 12 3 0.62760 1.88280 0.00000 -2.51040 0.00000 0.00000; H5- C2- C3- H7
8 11 13 3 0.62760 1.88280 0.00000 -2.51040 0.00000 0.00000; H5- C2- C3- H8
8 11 14 3 0.65084 1.95253 0.00000 -2.60338 0.00000 0.00000; H5- C2- C3- C4
10 8 11 12 3 0.62760 1.88280 0.00000 -2.51040 0.00000 0.00000; H6- C2- C3- H7
10 8 11 13 3 0.62760 1.88280 0.00000 -2.51040 0.00000 0.00000; H6- C2- C3- HS8
10 8 11 14 3 0.65084 1.95253 0.00000 -2.60338 0.00000 0.00000; H6- C2- C3- C4
11 14 15 16 3 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000; C3- C4- C5- H9
12 11 14 15 3 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000; H7- C3- C4- C5
13 11 14 15 3 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000; H8- C3- C4- C5
[ system ]
MOL
[ molecules ]
; Compound nmols
MOL 1

Stationary Structures Obtained from Adiabatic EDA Calculations

The calculations were performed at the ®B97X-V/def2-TZVPD level using the Q-Chem 5.4
software package. For each stationary structure obtained, the total energy and the unscaled
harmonic frequency for terminal C-H stretch at each stage of the adiabatic EDA procedure
(monomer, frozen, polarized, and fully relaxed) are provided.
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1-hexyne monomer:

16

E monomer = -234.6103258202 au; omega (CH) =

C -0.9809715371 1.5023483852 1.1820370932
C 0.2679375799 2.3932824739 1.2386056501
H -1.4130452630 1.4002068886 2.1830620983
H -1.7456042807 1.9763356303 0.5552474912
C 0.8599992107 2.6919542593 -0.1358157822
H -0.0026491627 3.3339448078 1.7336302545
H 1.0243162546 1.9095092881 1.8681315201
C 2.1028620692 3.5736902807 -0.0535365715
H 1.1056755467 1.7475673571 -0.6344831014
H 0.0985203378 3.1817944151 -0.75665520066
H 1.8752015872 4.5339981412 0.4214760282
H 2.8874624014 3.0891662736 0.5370374508
H 2.5120303880 3.7805519429 -1.0463922648
C -0.7029907937 0.1619767756 0.6545354646
C -0.4549746718 -0.9311895805 0.2265746976
H -0.2420908426 -1.9043752556 -0.1531832398
1-hexyne:THF complex:

29

E Frz = -467.0891955291; omega(CH) = 3463.5 cm-1
C 2.5666008285 -1.6245303833 -0.3870791584
C 2.6922415252 -0.1257027972 -0.6960807945
H 2.8003141988 -2.2120453212 -1.2811252777
H 3.2993291784 -1.9085561125 0.3775306326
C 2.5114293587 0.7606383965 0.5332693880
H 3.6790900623 0.0571968922 -1.1385110218
H 1.9503914254 0.1442688128 -1.4579364889
C 2.5718815837 2.2470859296 0.1932227219
H 1.5517002107 0.5263276112 1.0080029110
H 3.2873251003 0.5158257281 1.2701156891
H 2.4455989915 2.8666078991 1.0857042988
H 3.5320833810 2.5097972300 -0.2634929513
H 1.7824949838 2.5176859713 -0.5164276076
C 1.2247480216 -1.9901203531 0.0805850600
C 0.1162339702 -2.2542608523 0.4572731450
H -0.8745770923 -2.4668023659 0.7934176641
C -1.9387926253 0.5766496932 1.1440579966
H -2.5476281397 1.2579067115 1.7535330430
H -1.1225884145 0.1918744613 1.7634260162
C -1.4509254290 1.2606209451 -0.1311257382
H -0.5342488327 0.7816692477 -0.4891696684

24
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O

-1.2538890588
-2.6026692965
-2.3170051403
-3.4328754408
-2.9924022665
-2.3702434010
-4.0443574101
-2.7541067377

.3256893530
.9740783658
.0405510158
.6657348016
.4416352251
.1853459108
.6766390562
.5213023009

0.0135613355
-1.0961925091
-2.1485737127
-0.9181132702
-0.6826850844
-1.2003275773
-0.8687024071

0.7238458076

cm-1

2

E Pol = -467.0898574211 au; omega (CH) = 3456.9 cm-1
C 2.5393434708 -1.6221829928 -0.3826186393
C 2.6739179159 -0.1249486798 -0.6959330943
H 2.7722009579 -2.2139522903 -1.2740700816
H 3.2682751273 -1.9078315076 0.3850153594
C 2.4964306255 0.7656700241 0.5308869721
H 3.6619337815 0.0517463550 -1.1382337080
H 1.9338719711 0.1469399828 -1.4590013424
C 2.5563715294 2.2509306810 0.1858147900
H 1.5375246413 0.5332324047 1.0083322509
H 3.2736413113 0.5228351560 1.2669652583
H 2.4338758808 2.8734622660 1.0767420714
H 3.5148664158 2.5117192738 -0.2755712290
H 1.7641599487 2.5194075014 -0.5215518171
C 1.1936163172 -1.9769169265 0.0823517834
C 0.0816096286 -2.2300586337 0.4566363268
H -0.9146029672 -2.4237323568 0.7898855417
C -1.9127155897 0.5608919383 1.1460518405
H -2.5286612735 1.2329122406 1.7585813657
H -1.0939826139 0.1789697752 1.7638568396
C -1.4275474221 1.2557282564 -0.1238498950
H -0.5085471577 0.7822086682 -0.4831869582
H -1.2351945034 2.3206186883 0.0282601613
C -2.5776099921 0.9704881979 -1.0911648447
H -2.2920530774 1.0459986346 -2.1429513343
H -3.4115042690 1.6564852841 -0.9083156042
C -2.9599291862 -0.4504907835 -0.6888060451
H -2.3348174257 -1.1862706383 -1.2142158138
H -4.0111135531 -0.6890513352 -0.8747745322
0 -2.7182069574 -0.5415407966 0.7168668201
29

E Full = -467.0909361682 au; omega (CH) = 3442.5
C 2.5024680692 -1.6161104610 -0.3727103475
C 2.6530646786 -0.1220761422 -0.6945473360
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O D QIO QDD QD@D @DITDTD T Q@Dm®D@mQQ & @

R R N wE NP WD wN

.7383869592
.2209190681
.4716610473
.6462160190
.9215528929
.5388401709
.5084822073
.2431499238
.4150217562
.5000658650
.7501448947
.1480410199
.0272460158
.9796814139
.8768870477
.4888939984
.0575297729
.3905683664
.4718279373
.1965762393
.5396505536
.2519775341
.3731171865
.9242500896
.2954198195
.9743828768
.6893442172

|
N

|
PN NDNDNOODN O O O

| | |
NN

P O N O B+ OB O

.2159608152
.9034132751
.7782162609
.0439322164
.1506006814
.2605709137
.5536315217
.5378556204
.8902801202
.5144872290
.5262144581
.9517587055
.1813534422
.3413921603
.5269565636
.1923278621
.1321641841
.2354537014
.7636134504
.2982623646
.9629439815
.0494295057
.6478760116
.4617294940
.1919556252
.6992365465
.5665615926

1-hexyne:cyclohexanone complex:

33

E Frz
C -0
H -1
C 0
C 2
C 2
C 4
C 4
H 2
H 2
H 2
H 2
H 4
H 4
H 3

-544.5396004498 au;
.1875138412
.2219466023
.9722550557
.3790964904
.5461298643
.0108361440
.1723081840
.8765546104
.8765546104
.0398563609
.0398563609
.5129475186
.5129475186
.7022243067

omega (CH)
.5758649452
.8413949713
.2668341201
.8530980483
.3286479439
.0984564169
.6161683521
.2799192965
.2799192965
.0880671166
.0880671166
.3268556515
.3268556515
.0597947665

26

.2579171248
.4041231040
.5246114341
.1294184511
.4656714122
.1686718832
.9975906028
.2674675487
.0543777519
.2908587116
.5437989492
.0807016146
.4445118348
. 7664826877
.1531635638
.7763825084
. 7624073878
.1085960712
.4718547599
.0558050432
.0807456271
.1311253853
.8919856533
.6950485662
.2240088577
.8874314881
.7114242182

H) = 3460.6 cm-1
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.
0
0
0
0
0
0

0000000000

.0000000000
.8787311183
.8787311183
.8791604453
.8791604453
.8782590722

0.
-0.

8782590722
8841184604
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Pol =

5.2262786296

3.7022243067
-2.6439247054
-3.3300109757
-2.8362791072
-1.1959310198
-0.5168760227
-1.0089271347
-0.9068716993

0.1371861240
-1.5273581749
-1.1959310198
-0.5168760227
-1.0089271347
-2.6439247054
-2.8362791072
-3.3300109757
-2.9725771007
-3.4490530603

-0.2271293122
-1.2644087043
0.9342227353
2.3439943587
2.5222932260
3.9900328556
4.1623495936
2.8384392559
2.8384392559
2.0194390333
2.0194390333
4.4889804285
4.4889804285
3.6954344598
5.2183723846
3.6954344598
-2.6201377096
-3.3103160838
-2.8099467046
-1.1741495746
-0.4918379193
-0.9903098303

PO oOr oL NMNMNNMNEHPE PO O ODNDR

P O O F ON R

= o

-544,5404499958 au;

.9075767936
.0597947665
.6117027133
.4676106200
.0484154486
.1247022168
.2650448140
.7230849122
.9399719663
.2723760087
.8469555738
.1247022168
.2650448140
.7230849122
.6117027133
.0484154486
.4676106200
.1320381502
.2451603860

27

O O NN R DNE P OO

.0000000000
.8841184604
.2786346474
.3470324588
.1271523631
.2609494936
.3017511299
.1584977662
.0000000000
.0000000000
.0000000000
.2609494936
.3017511299
.1584977662
.2786346474
.1271523631
.3470324588
.0000000000
.0000000000

omega (CH)
.5440308156
.8004476177
.2402754817
.8361178008
.3129126988
.1034854050
.6200044241
.2664733771
.2664733771
.1079553929
.1079553929
.3254975396
.3254975396
.0670060267
.9038600793
.0670060267
.5957793833
.4485329910
.0644748791
.1150393585
.2580574904
.7142739388

= 3454.3 cm-1

0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000

H
0
0
0
0
0
0
0
0.8787078497
0.8787078497
0.8792404305
0.
0
0
0
0
0
1
1
2
1
1
2

8792404305

.8782643439
.8782643439
.8841059710

0000000000
8841059710
2781983758
3448115958
1272188145
2608746760
3008576327
1585412780
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.8880359180
.1553493390
.5109057167
.1741495746
.4918379193
.9903098303
.6201377096
.8099467046
.3103160838
.9423876544
.4069002222

= -544.5414118759;
.2787485643
.3195695357
.8852857283
.2967124403
.4795168122
.9482455592
.1243754407
.7896690537
.7896690537
.9773561836
.9773561836
.4460624920
.4460624920
.6585841208
.1810976207
.6585841208
.5824277923
.2619546392
.7801663595
.1299038656
.4593163878
.9379907938
.8342073280
.2133157155
.4460477262
.1299038656
.4593163878
.9379907938
.5824277923
.7801663595
.2619546392

P O oOr O NN

P oo r oL NN PO O ODNDR

= o

.9313968776
.2658876269
.8368432548
.1150393585
.2580574904
.7142739388
.5957793833
.0644748791
.4485329910
.1506484015
.2693423514

0.0000000000
0.0000000000
0.0000000000
-1.2608746760
-1.3008576327
-2.1585412780
-1.2781983758
-2.1272188145
-1.3448115958
0.0000000000
0.0000000000

omega (CH) = 3447.5 cm-1
.5040851659 0.0000000000
.7476893310 0.0000000000
.2100018206 0.0000000000
.8117083752 0.0000000000
.2889584019 0.0000000000
.1234807944 0.0000000000
.6395674840 0.0000000000
.2436737994 -0.8787632048
.2436737994 0.8787632048
.1333855027 0.8791286883
.1333855027 -0.8791286883
.3068144813 -0.8782842490
.3068144813 0.8782842490
.0877480428 -0.8841440530
.9208122579 0.0000000000
.0877480428 0.8841440530
.5819738623 1.2782638084
.4432156456 1.3456884559
.0763496066 2.1270033097
.0827855627 1.2605333693
.2161004698 1.2981950949
.6787675913 2.1587139814
.8961706161 0.0000000000
.2178358786 0.0000000000
.8091431171 0.0000000000
.0827855627 -1.2605333693
.2161004698 -1.2981950949
.6787675913 -2.1587139814
.5819738623 -1.2782638084
.0763496066 -2.1270033097
.4432156456 -1.3456884559

28



C -2.9152821816
0 -3.3964803296

-0.1593731348
-1.2713714266

0.0000000000
0.0000000000

1-hexyne:DMF complex:

28

E Frz = -483.1482693825 au; omega (CH) = 3458.0 cm-1
C 2.1229344974 -1.6625645146 -0.7378029497
C 2.5563338926 -0.1896410460 -0.7422236536
H 2.0149473544 -2.0243617252 -1.7658094904
H 2.9016940491 -2.2755179824 -0.2688599858
C 2.8538575263 0.3568765347 0.6513433730
H 3.4477158470 -0.0905109719 -1.3735154883
H 1.7697083310 0.4134221128 -1.2129966332
C 3.2150992805 1.8394184416 0.6292913729
H 1.9828064604 0.1938796832 1.2964025240
H 3.6760084253 -0.2193592524 1.0947255327
H 4.0954470698 2.0226973749 0.0040512083
H 2.3913428404 2.4370679988 0.2234497786
H 3.4344477543 2.2124756166 1.6335299836
C 0.8577720930 -1.8763845899 -0.0256376353
C -0.1770003763 -2.0206802573 0.5652636633
H -1.0983011598 -2.1420583152 1.0920010022
C -1.4446061225 1.4020893761 0.7409598659
H -1.7946338610 1.0400089592 1.7070104601
H -0.3774451634 1.1761918779 0.6372815804
H -1.5849951257 2.4871335680 0.6835701809
N -2.2043682348 0.7424187254 -0.3014408731
C -1.8770386806 1.0650231573 -1.6714955255
H -2.0069665066 2.1367681659 -1.8585851677
H -0.8385794252 0.7948603997 -1.8981814134
H -2.5330671674 0.5125438432 -2.3474074285
C -3.1018178518 -0.2239961843 0.0032007005
H -3.5854840960 -0.6463130889 -0.8974543528
0 -3.3742534379 -0.6094135733 1.1237966631
28

E Pol = -483.1491193431 au; omega (CH) = 3449.1 cm-1
C 2.0897571198 -1.7164061999 -0.6718299344
C 2.5341536861 -0.2473157581 -0.7132297770
H 1.9947819049 -2.1078251167 -1.6902191760
H 2.8562800667 -2.3209021801 -0.1727258329
C 2.8247731633 0.33487444¢64 0.6673010750
H 3.4307405462 -0.1706217373 -1.3402477718
H 1.7546255260 0.3473894190 -1.2063693119



orrQnzDnQZonoxn QD Qo@D oo

Z oD@ oDnDoDDoD QD@D Q@D QQEN

.1816101192
.9521175466
.6469202651
.0626719364
.3569163066
.3976692568
.8114936022
.2345474464
.1686354251
.3787203216
.7298141329
.3157474791
.5045512756
.1522220941
.8225081666
.9401336234
.7872090331
.4854949880
.0552054534
.5476404956
.3249621268

= -483.1500762973 au;
.7142046909
.2460632770
.1211323870
.3116328531
.3544994828
.1773491959
.3421362515
.8400745375
.2028048674
.1945392463
.0135922453
.4118272509
.2508395295
.8814109628
.9822510217
.0521418277
.3596535775
.9961301782
.0802611321
.4509760291
.7613897534

.0595296689
.5053408371
.9770807110
.8188735801
.7843952051
.4069172280
.7296867190
.1256781666
.9105109270
.6100613244
.0050139806
.2947219803
.3372637708
.7719192894
.2821349426
.2255825764
.3366430299
.7240297186
.2807245569
.4230417422
.1068177799

NN O O - OO O

I
[

N

o NP O

.8175038008
0.1849832418
0.2276823226
.9880905032
2.4025780550
.2158497324
.8974213733
.0130973317
.1024214041
.3969302369
.0180025497
.1576740849
.4847512958
.7724005190
.1224091121
.1996221326
.8455767245
.5932656942
.1938980083
.5876504608
.6085831719

O OFr OO Fr OO F KPP O

O o ok O OO0 o o

(O8]
[e)

.6097370925
.3134392713
.1278628119
.0180790471
.1875459827
.6049382416
.0260245392
.6035670033
.1154045260
.7276204138
.6867778617
.6133058032
.6950542692
.3267123869
.6897654230
.8515153717
.9224301584
.3774231295
.0436498121
.9522953589
.0680171514

omega (CH) = 3435.7
.6676994232
.7255991825
.6810752834
.1494900574
.6494917205
.3462961604
.2328888045
.5769606153
.2937956769
.1198645735
.0524615937
.1487111125
.5680683380
.0163519637
.5824277764
.0819390613
.7645281861
.7156754775
.6764391258
.7256626617
.3076220600



C -1.7402413881 1.1105634059 -1
H -1.8245855322 2.1915928004 -1
H -0.7082087047 0.8058250181 -1
H -2.4033301450 0.6043764789 -2
C -3.0209075279 -0.2009370981 -0
H -3.5077515156 -0.5754519186 -0
0 -3.3058752444 -0.6313515758 1
1-hexyne:DMSO complex:

26

E Frz = -787.7941330106 au; omega (CH
C -0.2306224038 -2.1111986307 0
H -1.2838094835 -2.2932720736 0
C 0.9477376628 -1.8815112113 0
C 2.3800235506 -1.5687689062 0
C 2.6539285016 -0.0599351004 0
C 4.1458824836 0.2603948284 0
C 4.4212461082 1.7614839430 0
H 2.8463337376 -2.0294617761 -0
H 2.8463337376 -2.0294617761 0
H 2.1772428957 0.3906183822 0
H 2.1772428957 0.3906183822 -0
H 4.6151955137 -0.2011363086 -0
H 4.6151955137 -0.2011363086 0
H 3.9865028759 2.2396398400 -0
H 5.4943827839 1.9716233661 0
H 3.9865028759 2.2396398400 0
C -2.1570196586 1.0081810398 -1
H -1.2616614417 0.3901540636 -1
H -2.6766572151 0.7717433135 -2
H -1.9080872132 2.0722475481 -1
S -3.2888301263 0.6258594836 0
C -2.1570196586 1.0081810398 1
H -1.2616614417 0.3901540636 1
H -1.9080872132 2.0722475481 1
H -2.6766572151 0.7717433135 2
0 -3.4697775458 -0.8502258707 0

()

Q QT Q @H=D

U
O
'_l

-0.2972034809
-1.3574266809
0.8869418772
2.3269886656

= -787.7953501188 auy;

H
0
0
0
0

31

.6615703275
.8174304980
.8741569977
.3661812404
.0500854554
.9696593609
.0524037065

)

= 3453.2 cm-1

.0000000000
.0000000000
.0000000000
.0000000000
.0000000000
.0000000000
.0000000000
.8786832864
.8786832864
.8792083951
.8792083951
.8780982784
.8780982784
.8840168188
.0000000000
.8840168188
.3430162519
.2468365525
.2729677468
.3191956873
.0000000000
.3430162519
.2468365525
.3191956873
.2729677468
.0000000000

omega (CH)
.0507971043
.1963424713
.8512303174
.5757305980

= 3436.0 cm-1

0000000000
0000000000
0000000000
0000000000



O QnIromInoOOonTDnTonITDTDT T oD ®@TAQO QO
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[ R N R
N W NN DB DNDDNDDNDDND D DN

.6381214359
.1373245088
.4477999282
.7816900753
.7816900753
.1725781570
.1725781570
.5955775769
.5955775769
.0243718397
.5255588949
.0243718397
.1152097122
.2108922122
.6311515290
.8818116475
.2430434181
.1152097122
.2108922122
.8818116475
.6311515290
.4116850775

= -787.7967153755 au;
.3370408395
.4050984122
.8531660594
.3005902476
.6539830545
.1606192190
.5124498768
.7417802632
.7417802632
.2015055857
.2015055857
.6055472356
.6055472356
.1026658249
.5949361069
.1026658249
.1282638970
.2091015603
.6384314310
.9217934450

O ON O P ON O O PN

.0741922609
.2107850602
.7049558695
.0478145527
.0478145527
.3879222378
.3879222378
.2617106252
.2617106252
.1931308734
.8898737026
.1931308734
.0261773665
.4217027978
.7808404191
.0937932361
.6334312062
.0261773665
.4217027978
.0937932361
.7808404191
.8453930204

omega (
.9333981543
.0370996910
.7695004021
.5357007709
.0436071834
.1995488156
.6844872244
.0204462854
.0204462854
.4314326963
.4314326963
.2855622551
.2855622551
.1841905662
.8393994309
.1841905662
.9931062405
.4108873470
.7349341338
.0662688087

O O O O O O OO O O O o o o o 0O

H) =
.0000000000
.0000000000
.0000000000
.0000000000
.0000000000
.0000000000
.0000000000
.8787320071
.8787320071
.8792513838
.8792513838
.8780821550
.8780821550
.8840205100
.0000000000
.8840205100
.3434832284
.2432564155
.2729351850
.3214455729

.0000000000
.0000000000
.0000000000
.8787115323
.8787115323
.8793067913
.8793067913
.8780960589
.8780960589
.8840380055
.0000000000
.8840380055
.3430300076
.2439476371
.2727600674
.3209076500
.0000000000
.3430300076
.2439476371
.3209076500
.2727600674
.0000000000

3390.7

cm-1



S -3.2461647972 0.5749929801 0.0000000000
C -2.1282638970 0.9931062405 1.3434832284
H -1.2091015603 0.4108873470 1.2432564155
H -1.9217934450 2.0662688087 1.3214455729
H -2.6384314310 0.7349341338 2.2729351850
0 -3.3812891070 -0.9089036426 0.0000000000

Stationary Structures Obtained from Gaussian Calculations for the 1-hexyne:toluene Complex
The calculations were performed at the B3LYP/6-311++G(d,p) level using the Gaussian 16
software package. The total energy of the optimized structure and the unscaled harmonic
frequency for terminal C-H stretch are provided.

1-hexyne monomer:

16

E = -234.666005534 au; omega (CH) = 3477.55 cm-1
C -4.70202 0.97050 0.02953
H -4.35078 -0.06448 0.08558
H -4.33408 1.49457 0.91573
H -5.79491 0.95209 0.08402
C -4.22342 1.64841 -1.25740
H -4.56106 2.69198 -1.26788
H -3.12711 1.68254 -1.26635
C -4.71821 0.94364 -2.52426
H -5.81302 0.91227 -2.52902
H -4.37857 -0.09763 -2.52742
C -4.23186 1.63241 -3.81526
H -3.13585 1.66608 -3.82164
H -4.56961 2.67562 -3.82321
C -4.69412 0.97411 -5.03379
C -5.08473 0.41767 -6.02630
H -5.42697 -0.06973 -6.90600
1-hexyne:toluene complex:

31

E(B3LYP/6-311++G(d,p)) = -506.306102691; omega (CH) = 3458.95 cm-1
C -5.02830 0.72502 0.34849
H -4.79086 -0.34292 0.31863
H -4.74317 1.10122 1.33476
H -6.11424 0.82468 0.25584
C -4.30577 1.48392 -0.76822
H -4.53559 2.55369 -0.69061
H -3.22151 1.39425 -0.62831

33



C -4.67826 0.98655 -2.16836
H -5.75884 1.08000 -2.32110
H -4.44423 -0.07964 -2.25891
C -3.94690 1.75567 -3.28687
H -2.86339 1.66541 -3.14345
H -4.17725 2.82478 -3.20524
C -4.29069 1.29452 -4.62928
C -4.58712 0.89990 -5.72673
H -4.84665 0.55309 -6.69868
C -6.02264 -1.25251 -9.02991
C -4.65650 -1.25182 -9.30861
C -4.02560 -0.07852 -9.71935
C -4.74231 1.11591 -9.85826
C -6.11381 1.09943 -9.57929
C -6.74986 -0.07114 -9.16817
H -6.51537 -2.16400 -8.71120
H -4.08096 -2.16539 -9.20740
H -2.96172 -0.08967 -9.93454
H -6.68999 2.01331 -9.68447
H -7.81353 -0.06013 -8.95702
C -4.04896 2.39285 -10.26846
H -3.66661 2.92848 -9.39272
H -3.19948 2.19177 -10.92543
H -4.73137 3.06641 -10.79200

Additional XYZ coordinates (i) used for solvent electric field calculations and (ii) generated from
the intermolecular distance scan for the 1-hexyne:DMSO complex are provided in the
supplementary ZIP file.
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