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The physical basis for the remarkable proficiency and specific-
ity of enzymes under mild physiological conditions has been 
widely debated. One essential contribution is electrostatic 

preorganization1,2, the precise positioning of functional groups with 
charges and dipoles by the protein scaffold that preferentially sta-
bilizes the transition state (TS) over the reactant state (RS) due to 
the electric field at the active site, which leads to a decrease in the 
activation free energy barrier (Fig. 1a). This mechanism is directly 
supported by studies of several model enzymes2–7, among which a 
prime example is ketosteroid isomerase8,9, in which a large electric 
field (about −150 MV cm–1) exerted by functional groups at the 
active site was measured, which leads to an about 105-fold rate of 
acceleration and accounts for a large fraction of the reduction in the 
activation free energy compared with that of the same reaction in 
water. Electric fields can be measured by exploiting the vibrational 
Stark effect (VSE), in which the infrared or Raman frequency shifts 
are related to the projection of the field on a particular bond. This is 
accomplished by using VSE probes calibrated via a combination of 
vibrational Stark spectroscopy (VSS), vibrational solvatochromism 
and molecular dynamics (MD) simulations2,8,10,11.

The concept of electrostatic preorganization is illustrated in  
Fig. 1b, which compares a reaction that involves charge reorganiza-
tion occurring in water to that at the active site of an enzyme. As 
solvent molecules, such as water, fluctuate around the reactant to 
stabilize the RS dipole moment on average, solvent configurations 
that stabilize the TS are rare and thus require substantial reorgani-
zation in the course of a reaction. In contrast, an electrostatically 
preorganized catalyst active site requires minimal adjustments to 
preferentially stabilize the charge distribution in the TS, and thus 
minimizes the reorganization energy1. Although this viewpoint 
is supported by computational studies1,12–19, there is limited direct 
experimental evidence for the critical assumption that the electric 
field orientation experienced by a substrate at enzyme active sites 

differs from that in solvents. The challenge to experimentally test 
this hypothesis lies in the fact that most previous studies only mea-
sured the projection of the electric fields along one chemical bond 
at a time, and even when this is the bond involved in the catalysis, it 
only provides information on the magnitude of the projected elec-
tric field, but not on the orientation of the total field.

In this work, we directly measured the orientation of electric 
fields in condensed-phase environments using a vibrational probe 
that bore two chemical bonds whose vibrational frequencies were 
both markedly shifted by the electric fields that arose from their 
chemical environments, which allowed us to measure the fields 
experienced by this probe along two directions (Fig. 1c). Using the 
deuterated (aldehyde H) form of N-cyclohexylformamide (CXF-D; 
Fig. 1d), a liver alcohol dehydrogenase (LADH) inhibitor20,21, we 
obtained the projections of the electric field that arose from the 
solvents and LADH active site on both the carbonyl (C=O) and 
carbon–deuterium (C–D) bonds that are approximately 120° from 
each other (Fig. 1c). Intriguingly, we found that the vibrational 
frequencies of C=O (νC=O) and C–D (νC–D) shifted in opposite 
directions as the solvent polarity increased, which indicated the 
coexistence of stabilization (C=O) and destabilization (C–D) of the 
chemical bonds around a single atom in solution. To elucidate these 
observations and introduce a field-frequency map for this probe 
in complex condensed phase environments, such as enzyme active 
sites, we developed a computational framework that combined MD 
simulations with recently introduced electronic structure partition-
ing methods22,23, which gives an improved accuracy and reliability in 
predicting the solvent electric fields compared with those of previ-
ously available methods. For a wide range of solvents, we observed 
a strong correlation between the electric fields experienced by the 
C=O and C–D bonds, which suggests that different solvents, despite 
their diverse chemical structures and polarities, exert electric 
fields of a similar orientation on the aldehyde moiety. By contrast,  
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at the active site of LADH, we reveal that the aldehyde moiety, 
which participates in the enzyme-catalysed reaction, experienced a 
substantially different electric field orientation. This provides direct 
evidence for the intrinsic differences between the electrostatic envi-
ronments of solvents and an enzyme active site experienced by a 
chemically relevant species.

results and discussion
Experimental validation of two-directional electric field mea-
surements by vibrational Stark spectroscopy. The infrared 
absorption spectra for the C–D and C=O stretches in CXF-D are 
shown in Fig. 2a,b, respectively. Although the absorbance of the 
C–D stretch is typically ~100 times weaker than that of the C=O (or 
C≡N) stretch24, the single C–D stretch in CXF-D shows a reason-
ably large extinction coefficient (εmax ≈ 3 M−1 cm−1, which is about 
1/30th that of C=O), which facilitates its application as a VSE probe. 
To validate the spectroscopic response of C=O and C–D in CXF-D 
to an external electric field, we used VSS, in which an external 
electric field of known magnitude (~1.0 MV cm–1) was applied to 
the sample in a frozen glass (Fig. 2). The Stark spectrum is domi-
nated by the second-derivative band shape from which the Stark 
tuning rates, |ΔμC=O|fC=O = 1.13± 0.01 cm−1 (

MVcm−1)−1 and 

|ΔμC−D|fC−D = 1.32± 0.04 cm−1 (

MVcm−1)−1, were obtained 
(see Supplementary Fig. 1 and Supplementary Table 1 for details 
of the fitting). The Stark tuning rate we obtained for the aldehyde 
carbonyl is in good agreement with the reported values for other 
carbonyl compounds3,11, and the values for both C=O and C–D can 

be well reproduced (1.01 and 1.22 cm−1 (MV−1 cm−1), respectively) 
using ‘Stark in silico’ calculations, in which we performed ab ini-
tio frequency calculations with an external electric field applied 
along the bond directions while treating the solvent as a dielectric 
continuum (Supplementary Method 13, Supplementary Text 3 and 
Supplementary Table 30). Here fC=O and fC–D are scalar approxima-
tions of the local field factors25 in the directions of the C=O and C–D 
bonds, respectively. The local field factor is a tensor that describes 
the difference between the externally applied electric field and the 
actual electric field experienced by VSE probes and could be dif-
ferent for the C=O and C–D stretches10,25 (Supplementary Text 3).  
Although the sign of the Stark tuning rates cannot be explicitly 
determined by VSS as the sample is isotropic, for vibrational transi-
tions the Stark tuning rates should be positive in most cases because 
the excited-state dipole moment is expected to be larger than that of 
the ground state due to vibrational anharmonicity. The dominance 
of the second-derivative band shape in the Stark spectra (Fig. 2c,d) 
indicates that the frequency shifts of both the C=O and C–D stretch 
modes in response to an external electric field are primarily deter-
mined by the linear VSE26. Similar VSS results were also found for 
methyl formate-D, a different compound that also carries a deuter-
ated aldehyde group (Supplementary Fig. 2), which demonstrates 
the generality of using a deuterated aldehyde to probe electric fields 
in two directions.

Opposite frequency shifts of C=O and C–D bonds upon solva-
tion. Figure 3 shows that νC=O and νC–D exhibit frequency shifts in 
opposite directions upon increasing the solvent polarity, a trend 
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Fig. 1 | Electrostatic catalysis and the two-directional vibrational probe used in this work. a, The model of electrostatic catalysis in enzymes: the reaction 
barrier is reduced by preferential stabilization of the TS because of the preorganized electric field, F, at the active site. b, Schematic illustration of the 
environmental response to the formation of the TS from RS during a chemical reaction that involves charge displacement (from rectangular to hexagonal 
for illustrative purposes). The top row illustrates the solvent reorganization in water (arrows represent the solvent dipoles), which contrasts with the 
minimal change in electric field orientation at the active site of enzymes due to electrostatic preorganization in the bottom row. c, The concept of probing 
the orientation of an electric field by using the C=O and C–D stretch vibrations of an aldehyde. The total electric field on the two-dimensional plane of the 
aldehyde moiety is the vector sum of the fields measured along the two directions. d, The structure of the VSE probe CXF-D used in this article to measure 
the electric field orientations in solvents (left) and at the active site of LADH (right). The crystal structure of the wild-type LADH in complex with NADH 
and CXF was resolved at 1.43 Å (Protein Data Bank: 7RM6).
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that is also observed for methyl formate-D (Supplementary Fig. 3).  
Although it has been widely observed that vibrational probes, such 
as C=O and C≡N, undergo redshifts with increasing solvent polar-
ity27, for this vibrational probe two bonds that arise from the same 
atom show frequency shifts in opposite directions, where C–D 
exhibits a blueshift and C=O a redshift. As shown below, this arises 
because solvent tends to organize around the more polar C=O bond 
due to attractive electrostatic interactions, resulting in a redshift, 
which in turn leads to destabilizing interactions sensed by the C–D 
bond at an about 120° angle from the C=O direction.

Evaluation of the solvent electric fields on C=O and C–D bonds 
using molecular simulation. To unravel the origins of this unusual 
solvatochromic behaviour, we performed MD simulations and 
quantum mechanical (QM) electronic structure calculations to 
quantify the solvent electric fields projected on the C=O and C–D 
bonds. Although fixed-charge MD simulations have been success-
fully used to establish field-frequency maps for C=O in various 
compounds3,8,10,11,28, the map produced for C–D using this method 
provides a poor correlation between the experimentally observed 
frequency shifts and the calculated fields (Supplementary Fig. 4). 
To more accurately quantify the fields experienced by the C–D 
probe, we therefore adapted two recently developed electronic 

structure partitioning schemes22,23 to obtain more accurate solvent 
electric fields for configurations obtained from MD sampling. 
The QM-based approach can significantly improve the accuracy 
of field calculations because it avoids the use of any parameters 
assigned by the force field, such as atomic charge or polarizability, 
but instead obtains the electric field directly from the electrostatic 
potential created by electrons and nuclei in the system. As shown in 
Supplementary Tables 6–12, the results obtained from both SPADE22 
(subsystem projected AO decomposition)- and ALMO23 (absolutely 
localized molecular orbitals)-based partitioning schemes gave con-
sistent predictions of the solvent electric fields when combined 
with solvent configurations obtained from either fixed-charge11 
or polarizable force fields28,29. This approach thus provides a reli-
able way to quantify the solvent electric fields projected onto the 
vibrational probes, which enabled us to uncover the physical ori-
gin of the unusual solvatochromic shifts as well as to establish the 
field-frequency map for CXF-D.

Figure 4a,b shows that for both C–D and C=O, over a wide 
range of solvent polarities (dielectric constants from 1 to 80), there 
is a strong linear correlation between the ensemble-averaged sol-
vent electric fields obtained from our simulations and the experi-
mentally measured frequencies. The ensemble-averaged solvent 
electric field along the C=O bond is negative, which has also been 
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Fig. 2 | infrared absorption and Stark spectra of CXF-D at 77 K demonstrating the VSEs of the C–D (left) and C=O (right) bonds. a–d, Infrared absorption 
spectra (a,b) and the corresponding vibrational Stark spectra scaled to an applied field of 1.0 MV cm–1 with best fits (red lines) (c,d). See Supplementary Fig. 1  
and Supplementary Table 1 for the fitting details. The small shoulder peak labelled with an asterisk at around 2,100 cm–1 in a is most likely due to a Fermi 
resonance (Supplementary Text 5 and Supplementary Table 31). The C–D stretch was measured in 2-methyltetrahydrofuran and the C=O stretch in  
D2O/glycer(ol-D3) (v/v 1:1). Different solvents were used because the C=O stretch of CXF-D shows multiple bands in 2-methyltetrahydrofuran, which most 
likely arise from dimerization due to intermolecular hydrogen bonds.
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found for many other carbonyl-containing molecules3,11,28. The 
negative electric field along the C=O bond signifies an attractive 
electrostatic interaction with solvents because the field is aligned 
with the bond dipole, which lies in the O → C direction. In con-
trast, the C–D bond in CXF-D has a more subtle dipole moment 
in which both C and D are positively charged, but C is more so 
(Supplementary Table 27), which gives a dipole in the D → C 
direction. The electric field along the C–D bond is positive and 
thus antiparallel with the bond dipole direction, which indicates 
that the electrostatic interaction with the solvent destabilizes the 
C–D covalent bond, consistent with the blueshift observed in its 
vibrational frequency as the solvent polarity increases. The cor-
relation between the experimental frequency shifts and calculated 
fields thus provides strong support that the electrostatic interac-
tions are responsible for modulating the vibrational frequencies. 
We note that the linearity of the correlation for C–D is not as good 
as that for C=O (R2 = 0.83 versus 0.99). This most likely arises due 
to a Fermi resonance between the C–D stretch and the overtone 
of C–D bending modes that appears as a shoulder peak at around 
2,100 cm−1 (Supplementary Text 5 and Supplementary Table 31), 
consistent with previous studies on the vibrational spectra of alde-
hydes30. To further validate our computational procedure, we also 
performed ‘Stark in silico’ calculations in vacuum with an exter-
nal electric field applied along the C=O or C–D direction, from 
which we observed a strong correlation between the strength of 
the applied field and the computed C=O and C–D frequencies 
(Supplementary Fig. 5 and Supplementary Table 14).

The stark contrast in the solvent electric field directions on C=O 
and C–D manifests how these two bonds, connected to a com-
mon atom centre, interact with the solvents. As C=O has a sub-
stantially larger bond dipole than C–D (Supplementary Table 27),  
it is preferentially stabilized by the solvent, via both the local 
arrangements of the solvent molecules and their electronic polar-
ization (Supplementary Fig. 17). Owing to the ~120° angle between 
the C=O and C–D bonds, the field induced by the solvent order-
ing around C=O causes C–D to experience a field that is opposite 
to its bond dipole direction, which results in its destabilization. To 
further corroborate this physical picture, we performed simulations 
of N-cyclohexylacetamide (Supplementary Table 15), in which the 

deuterium atom in CXF-D is replaced by a methyl group and thus 
removes any specific interactions that may exist between C–D and 
the solvent molecules. In this methylated analogue, we observed 
that the positive field along the C–C(methyl) bond, which is in the 
same direction as C–D, is largely retained (reduced by ~20%) and 
thus confirms that the positive electric field along C–D is a second-
ary effect due to the preferential stabilization of C=O. This picture 
of preferential stabilization of the more polar C=O group provides 
additional details about the solute–solvent interactions that are not 
captured by the Onsager reaction field model31, one of the most 
widely used models for solvation based on the concept that globally 
the molecular dipole of a solute experiences a stabilizing reaction 
field. Our results show clear evidence that locally, that is, at the level 
of individual chemical bonds32, there are both stabilizing and desta-
bilizing electrostatic interactions experienced by solute molecules 
in solutions. Given its electrostatic origin, the trend in the opposite 
frequency shifts of C=O and C–D upon increasing solvent polar-
ity can be qualitatively captured using a simple polarizable contin-
uum model33 for the solvents (Supplementary Table 16); however, a 
quantitative description of the solvatochromic effects necessitates 
considering the specific molecular ordering of the solvent around 
the probe.

To further elucidate the competition between the C=O and 
C–D dipoles in organizing the solvent around them, we exam-
ined the solvatochromic behaviour of the carbonyl group in ace-
tyl chloride, in which the C–D is replaced by the much more polar 
carbon–chlorine (C–Cl) bond. In this case, C–Cl can much more 
effectively compete with C=O for solvent organization, resulting 
in negative (stabilizing) electric fields along both bonds with the 
magnitude of that along C=O reduced notably (Supplementary  
Fig. 12). Remarkably, we found that the C=O of acetyl chloride 
showed only a 2 cm−1 redshift going from hexane to acetonitrile 
(acetyl chloride is not stable in water), a much smaller solvent shift 
than that of CXF-D (19 cm−1) or any other carbonyl-containing mol-
ecule observed to date (Supplementary Fig. 7 and Supplementary  
Table 17). Given that the C=O of acetyl chloride has a typical Stark 
tuning rate as obtained from both VSS experiments and ‘Stark in 
silico’ calculations (Supplementary Fig. 8, Supplementary Table 1 
and 18), this extraordinarily small solvation redshift indicates that 
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Fig. 3 | Normalized infrared spectra of CXF-D in a series of solvents with various polarities. a,b, The spectra demonstrate the solvatochromic shifts in the 
C–D (a) and C=O (b) frequencies. The concentrations of CXF-D in the measurements for νC–D and νC=O were 20 and 1 mM, respectively. The blue and red 
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and yet a more pronounced change in intensity as the C–D stretch band shifts. DBE, dibutyl ether; THF, tetrahydrofuran; DCM, dichloromethane; MeCN, 
acetonitrile; DMF, dimethylformamide; DMSO, dimethylsulfoxide.
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the C=O of acetyl chloride, unlike that of CXF-D, gains a much 
lesser degree of electrostatic stabilization as the solvent polarity 
increases (Supplementary Text 1). The observation that the C–
Cl bond suppresses the preferential stabilization of C=O by the  
solvent in acetyl chloride further underlines the ubiquity of  
distinct local solvation effects governed by bond dipoles, which 
may have far-reaching implications in, for example, small-molecule  
catalyst design.

Probing the active-site electric field of LADH. LADH catalyses a 
hydride transfer reaction, which is ubiquitous in many metabolic 
pathways, for the interconversion between alcohol and aldehyde 
using NAD+ or NADH as the redox cofactor34. To probe the mag-
nitude and orientation of the electric fields in wild-type LADH, we 
introduced the CXF-D probe, which serves as an aldehyde-analogue 
inhibitor, to its active site. As shown in Fig. 5a,b, this leads to red- and 
blueshifts in the C=O and C–D frequencies, respectively, which are 
even larger (νC=O = 1,618 cm−1 and νC–D = 2,218 cm−1) than those in 
water (νC=O = 1,627 cm−1 and νC–D = 2,182 cm−1), the most polar sol-
vent that we investigated (Supplementary Fig. 9 and Supplementary 
Tables 19 and 20). In addition, the linewidths of both the C=O and 
C–D spectra in the enzyme were much narrower than those in water, 
probably due to the smaller range of fluctuations possible in the 
active-site environment, as has been observed in many enzymes2. 
Based on the field-frequency maps for CXF-D that we obtained 
using a wide range of solvents (Fig. 4), the measured frequency 
shifts indicated that the active-site electric field projected on C=O 
was −166 MV cm–1, whereas that on C–D was +99 MV cm–1, which 
are both larger in magnitude than the average values observed in 
any of the solvents. CXF-D’s C=O, similar to that of the substrate 
in aldehyde reduction reactions, is known to strongly interact with 
Ser-48 and Zn2+ at the active site20,21 (Fig. 1 and Supplementary  
Fig. 10). Hence these specific interactions are the most likely sources 

of the large active-site electric field. In contrast, based on the crystal 
structure we obtained at 1.43 Å (Supplementary Fig. 10), the C–D in 
CXF-D does not interact strongly with the nearby residues, which 
suggests that the main contributions to its large positive electric 
field are from Ser-48 and Zn2+, which preferentially stabilize C=O 
and destabilize C–D as a secondary effect.

Comparison of the electric field orientation at the LADH active 
site to that in the solvents. As shown in Fig. 5c, there is a strong 
linear correlation (R2 = 0.93) between the average electric fields pro-
jected on C=O and C–D for CXF-D in the solvents. Despite the sub-
stantial changes in the electric field magnitudes across the solvents 
due to their diverse polarities, the ratio between the average sol-
vent electric field projected on C=O (FC=O) and C–D (FC–D) remains 
essentially unchanged at FC–D/FC=O = −0.39 ± 0.02. Using this ratio 
and assuming that the angle between the C=O and C–D groups is 
fixed at 120° for the sp2 carbon we extracted the orientation of the 
electric field vector in the aldehyde plane, namely its angle to the 
bond dipole direction of C=O, labelled θ in Fig. 1c. This angle was 
shown (Supplementary Text 2) to be given by:

θ = arctan
[

1
√

3

(

1+ 2 FC−D
FC=O

)]

. (1)

Therefore, the nearly constant value of FC–D/FC=O across all the sol-
vents indicates that the electric field orientations in the aldehyde 
plane were remarkably similar. This finding is further supported by 
the results in other polar protic solvents besides water (methanol and 
ethanol; Supplementary Text 4 and Supplementary Figs. 15 and 16)  
and implies that, despite their distinct chemical structures and 
polarities35, all these solvents tend to organize in a similar way to 
electrostatically stabilize the solute (vibrational probe). From the 
average value of this ratio we obtained an angle θ of 7.2 ± 1.3°, that is,  
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the electric field was almost parallel to the C=O bond dipole and 
pointed slightly away from C–D (Fig. 5d). This small value of θ fur-
ther supports the physical picture that the solvents preferentially 
stabilize C=O, and the small deviation from being exactly parallel 
(0°) may be beneficial to stabilize the solute globally by reducing the 
destabilization of C–D compared with that of a field that is perfectly 
parallel with the C=O bond dipole.

In contrast, the electric field at the active site of LADH is ori-
ented differently in the aldehyde plane as compared with that in 
the solvents. Using the FC=O and FC–D values for LADH (−166 and 
+99 MV cm–1, respectively) and equation (1), the angle θ obtained 
is −6.4°. This angle corresponds to the electric field vector expe-
rienced by the aldehyde group of CXF-D being slightly skewed 
towards the opposite side of the C=O bond dipole direction, that is, 
towards C–D, compared with that in the solvents in which it is away 
from C–D (Fig. 5d). Hence, in the two-dimensional plane of the 
aldehyde moiety the electric field orientation at the LADH active 
site is rotated by ~14° relative to that in the solvents, which leads  
to a field orientation that enhances the positive field projection 
along the C–D bond and thus further destabilizes it. This provides 

experimental evidence that unlike solvents whose organization 
around the solute is largely directed by the solute bond dipoles to 
achieve a global electrostatic stabilization, the enzyme active site is 
preorganized, which tunes the relative stabilization of the aldehyde 
moiety’s C=O and C–D bonds by imposing a distinct electric field 
on the reactive chemical moiety (the aldehyde group) that is rarely 
accessible in solvents in terms of both magnitude and orientation.

Conclusions
In summary, we have introduced an approach based on the VSE to 
measure both the magnitude and orientation of the electric fields 
in condensed phase systems. By exploiting a two-directional vibra-
tional probe, CXF-D, we showed that its deuterated aldehyde group 
can be calibrated using experiments and a computational frame-
work based on MD and electronic structure calculations to report 
the electric field strengths along both the C=O and C–D directions. 
Using this probe, we demonstrated the coexistence of stabiliz-
ing and destabilizing electrostatic interactions experienced by the 
individual chemical bonds of a solute in a wide range of solvents,  
as well as the nearly invariant field orientation across solvents of  
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Fig. 5 | Comparison of the electric field orientations in solvents and at the LADh active site revealed by two-directional electric field measurements. 
a,b, Normalized infrared spectra of C–D (a) and C=O (b) with CXF-D bound to the active site of wild-type LADH to form a ternary complex with NADH. 
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(colour code as in Figs. 3 and 4) and LADH. The electric field calculations based on QM-FC, QM-AMOEBA and AMOEBA are as defined in Fig. 4. The 
least-squares fit does not include the point for LADH, and the result is FC–D = –0.39FC=O + 1.21 (R2 = 0.93). d, Visualization of the electric fields exerted by 
water (red arrow) and LADH (light brown arrow) based on the results in c. The dashed arrows represent the measured electric fields projected on C=O 
and C–D, from which the orientations of the total electric field on the two-dimensional plane of the aldehyde moiety were obtained (see equation (1)). 
The solvents exert electric fields of different magnitudes but nearly the same direction: an angle of ~7.2 ± 1.3° with respect to the C=O dipole (the error is 
based on the slope’s standard error in the linear fit). In contrast, the active-site electric field of LADH has a larger magnitude and is oriented in a direction 
that differs from the direction in the solvents by ~14°.
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distinct chemical structures and polarities. This provides direct 
experimental insights into how local solvent organization around 
a solute molecule driven by the difference in bond dipoles affords 
global electrostatic stabilization. In contrast, we showed that the 
electric field at the active site of LADH, as measured by the CXF-D 
probe, possesses a markedly different orientation that provides 
a greater electrostatic destabilization of the C–D bond than that 
observed in the solvents. Hence, although the electric fields at an 
enzyme’s active site and in aqueous solutions may be of compa-
rable magnitudes, the orientations of these fields are intrinsically  
different. This supports the hypothesis that enzymes may provide 
preorganized electrostatic environments that maximize their cata-
lytic power1,2. Finally, the experimental and computational frame-
work that we introduce here to probe electric field orientations 
using deuterated aldehydes can be widely applied to other systems 
in complex environments and with complex solutes, including 
homogeneous catalysts, and thus serves as a prototype for the char-
acterization of electric field orientations to stimulate future investi-
gations on the functional role of field orientation in enzymatic and 
electrostatic catalysis.
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Materials and Methods 20 

Chemicals that have been used in this study are from the following sources without 21 

further purification unless mentioned otherwise: hexane (Sigma-Aldrich, 99%), toluene (Sigma-22 

Aldrich, 99.8%), dibutyl ether (Sigma-Aldrich, 99%), chloroform (Sigma-Aldrich, 99.8%), 23 

tetrahydrofuran (Sigma-Aldrich, 99.8%), dichloromethane (Sigma-Aldrich, 99.8%), 24 

cyclohexanone (Sigma-Aldrich, 99.8%), acetone (Sigma-Aldrich, 99.8%), acetonitrile (Sigma-25 

Aldrich, 99.8%), dimethyl formamide (Sigma-Aldrich, 99.8%), dimethyl sulfoxide (Sigma-Aldrich, 26 

99.8%), methyl formate-D (Sigma-Aldrich, 99 atom % D), Cyclohexylamine (99%), Sodium 27 



 2 

Formate-13C (99% atom % 13C), 2-methyl tetrahydrofuran (Sigma-Aldrich, 99%), Glycer(ol-D3) 1 

(Sigma-Aldrich, 99 atom % D), deuterium oxide (ACROS, 100.0 atom % D), acetyl chloride (Sigma-2 

Aldrich, 98%), Formic acid (formyl-D) (Cambridge Isotope Laboratories, 98 atom % D), and 1,1’-3 

carbonyldiimidazole (Sigma-Aldrich). 4 

1.  Synthesis of N-[formyl-13C]-Cyclohexylformamide (13C-CXF) 5 

The synthesis of 13C-CXF was based on a previously reported method.1 1.38 mL 6 

concentrated HCl was added into a round-bottom flask that contained sodium [13C]-formate (1.0 7 

g) in toluene (15 mL) and refluxed for 1 hour. 2 mL of cyclohexylamine was added into the flask, 8 

followed by the installation of a Dean-Stark trap. The reaction mixture was refluxed, during which 9 

the Dean-Stark trap pushed the reaction equilibrium toward the product side by removing water. 10 

TLC was used to monitor the reaction using potassium permanganate as the staining reagent, 11 

and the final product was purified by silica chromatography (eluted with ethyl acetate/hexane 12 

3:2) and dried through rotary evaporation and vacuum. The final product remained as a colorless 13 

oil without further drying. 1H-NMR (400 MHz, CD3Cl): δ 8.06 (d, J = 192 Hz, 1H), 5.81 (broad s, 14 

0.25H, conformer 1), 5.60 (broad s, 0.75H, conformer 2), 3.82 (m, 0.75H, conformer 2), 3.27 (m, 15 

0.25H, conformer 1), 1.92-1.09 (m, 10H); 13C-NMR (100 MHz, CD3Cl): δ 163.5 (conformer 1), 160.3 16 

(conformer 2), 47.1, 34.6 (conformer 1), 32.9 (conformer 2), 25.4 (conformer 2), 25.0 (conformer 17 

1), 24.7. m/z (EI-MS): 129.0 [M+H]+.  18 

2.  Synthesis of N-[formyl-2H]-Cyclohexylformamide (CXF-D) 19 

CXF-D was synthesized using an alternative method. To a solution of 1,1’-20 

carbonyldiimidazole (2 g) in tetrahydrofuran (30 mL) was added a solution of formic acid (formyl-21 

D, 600 mg) in tetrahydrofuran (10 mL). The mixture was stirred at room temperature for 1 hour 22 



 3 

under nitrogen before the addition of a solution of cyclohexylamine (1.26 g) in tetrahydrofuran 1 

(10 mL). The mixture was stirred at room temperature for another 3 hours. The resulting mixture 2 

was concentrated and purified by silica chromatography (eluted with 3 

methanol/dichloromethane 1:20, visualized by potassium permanganate). The final product was 4 

dried through rotary evaporation and vacuum as a colorless oil in 41% yield. 1H-NMR (400 MHz, 5 

CD3Cl): δ 8.05 (s, 0.01H), 5.99 (broad s, 0.25H, conformer 1), 5.86 (broad s, 0.75H, conformer 2), 6 

3.82 (m, 0.75H, conformer 2), 3.28 (m, 0.25H, conformer 1), 1.94-1.07 (m, 10H); 13C-NMR (100 7 

MHz, CD3Cl): δ 47.1, 34.6 (conformer 1), 32.9 (conformer 2), 25.4 (conformer 2), 25.0 (conformer 8 

1), 24.7. m/z (EI-MS): 129.1 [M+H]+. 9 

3.  Fourier Transform Infrared (FTIR) spectroscopy.  10 

FTIR spectroscopy was performed on a Bruker Vertex 70 spectrometer with a liquid 11 

nitrogen-cooled mercury cadmium telluride (MCT) detector. The sample chamber was constantly 12 

purged with dry air to remove atmospheric water. Data collection and processing were 13 

performed using the spectroscopy software OPUS 5.0. 14 

4.  Vibrational Stark Spectroscopy (VSS).  15 

The compound of interest was dissolved in a glass-forming solvent, such as 2-methyl 16 

tetrahydrofuran (2MeTHF) or a mixture of D2O and glycer(ol-D3) (v:v = 1:1). 10 µL sample was 17 

added into the assembled Stark cell, followed by immediately plunging into a custom-built 18 

cryostat that was filled with liquid nitrogen. The Stark cell is assembled using two Calcium 19 

Fluoride (CaF2) optical windows (1 mm thick, 12.7 mm diameter, FOCtek Photonics) that were 20 

coated with nickel metal on one side (4.5 nm thick) and separated by Teflon spacers (26 µm thick). 21 

The Stark spectra were recorded by a Bruker Vertex 70 spectrometer at 1 cm-1 resolution with 64 22 



 4 

scans in the presence of an applied electric field between 0.5 - 1.7 MV/cm. The external electric 1 

field was applied via a Trek 10/10 high-voltage power amplifier. The linear Stark tuning rates were 2 

obtained as previously described2,3 from the contribution of the second-derivative component to 3 

the Stark spectrum (see Supplementary Table 1). The experimentally determined Stark tuning 4 

rate is reported as a product of the local field factor f, which reflects the difference between the 5 

applied electric field and the actual local electric field that is experienced by the vibrational probe, 6 

with the experimentally extracted value of |Dµ|.4 More discussion on the local field factor is in 7 

Supplementary text 3.  8 

5.  Vibrational solvatochromism.  9 

As described previously,3,5 a demountable IR cell was assembled with two CaF2 optical 10 

windows (19.05 mm diameter, 3 mm thick, Lambda Research Optics Inc.), which were separated 11 

by two Teflon spacers (25 µm and 50 µm thick). The sample was prepared by dissolving the 12 

compound of interest in various solvents at low concentration which typically ranged from 1 – 20 13 

mM. 20 µL sample was added into the IR cell, which was then tightly capped and wrapped with 14 

parafilm to minimize solvent evaporation and water absorption. The IR spectra were collected in 15 

a wavenumber window that spans 4000 cm-1 – 1000 cm-1 with 256-1024 scans at 1 cm-1 resolution.  16 

6.  Isotope-edited FTIR spectroscopy for liver alcohol dehydrogenase (LADH).  17 

To measure the C=O frequency of CXF-D bound to LADH, the 13C isotopically labeled 18 

compound, N-[13C-formyl] cyclohexyl formamide (13C-CXF), was used as the background (see 19 

Supplementary Fig. 9). LADH was concentrated to ca. 1.6 mM with a total volume of ca. 60 µL, 20 

and then buffer exchanged into a D2O buffer solution (66 mM sodium phosphate, 100mM 21 



 5 

potassium chloride at pD 8.2). 2 µL NADH solution (50 mM) was added into the protein sample, 1 

which was then split into two portions of ca. 25µL. 1 µL CXF-D (40 mM) and 13C-CXF (40 mM) 2 

were added into each portion respectively. Similar to the solvatochromism experiments, 20 µL 3 

protein sample was injected into the assembled IR cell, and the IR spectra (4000 cm-1 – 1000 cm-4 

1) were collected with 512 scans at 1 cm-1 resolution. Nine spectra were collected from each 5 

sample for data analysis. The IR spectra of CXF-D, 13C-CXF, and D2O buffer were also collected for 6 

subtracting the IR signal of the unbound CXF-D from the protein spectra. The procedure for data 7 

processing has been described in detail in previous work.6,7 Briefly, the raw data in the form of 8 

transmission spectra were converted to absorption spectra. Then difference FTIR spectra were 9 

generated by subtracting the protein spectra with 13C-CXF bound from that of CXF-D. A scaling 10 

factor was typically used to compensate for the difference of the background signal between two 11 

spectra that resulted from slight differences of the pathlength for each sample.1,7 In most cases, 12 

the scaling factor involved in this work was very close to unity (usually 0.95-1.05), indicating that 13 

the IR cell assemblies of isotope-labeled samples were highly consistent. The resultant difference 14 

FTIR spectra was minimally baselined, followed by removing the peak of the unbound inhibitor. 15 

All the nine spectra were processed consistently as described above and analyzed using the built-16 

in programs PeakPick and CurveFit in OPUS 5.0 to obtain the peak position and FWHM. The 17 

results shown in Supplementary Tables 19-20 are the mean values over those nine spectra with 18 

the standard deviations as the corresponding error bar. These nine spectra were combined and 19 

averaged leading to the final spectral results shown in Supplementary Fig. 9.  20 

To measure the C-D frequency of CXF-D in LADH, the protein sample was concentrated to 21 

ca. 6 mM because of the weak C-D absorption. The other steps are similar to what was described 22 



 6 

above except that the buffer solution was made of normal water (H2O) instead of heavy water 1 

(D2O).  2 

7.  Plasmid construction and protein sequence 3 

The gene sequence8 of wild-type LADH was inserted into a recombinant DNA expression 4 

plasmid (pET-15b, Genscript Inc.) along with a strep tag and a cleavage site of Tobacco etch virus 5 

(TEV) protease. The gene sequence and protein sequence are shown below. 6 

Gene sequence  7 

atggcgagctggtctcatccgcagtttgaaaaaggcgcggaaaatctgtattttcagggcgcgggtagcacagcaggaaaagtaataaa8 
atgcaaagcggctgtgctgtgggaggaaaagaaaccattttccatcgaggaggtggaggttgcacccccgaaggcccatgaagtccgta9 
taaagatggtggccacaggaatttgtcgctcagatgaccacgtggttagtggaacccttgtcacacctcttcctgtgatcgcaggccatga10 
ggcagcgggcattgtggagagcattggagaaggcgtcactacagtaagaccaggtgataaagtcatcccactctttactccccagtgtgg11 
aaaatgcagggtttgtaagcaccctgaaggcaacttctgcttgaaaaatgatctgagcatgcctcggggaaccatgcaggatggtacca12 
gcaggttcacctgcagagggaagcccatccaccacttccttggcaccagcaccttctcccagtacaccgtggtggacgagatctcagtgg13 
ccaagatcgatgcggcctcaccgctggagaaagtctgtctcattggctgtggattttctactggttatgggtctgcagtcaaggttgccaag14 
gtcacccagggctccacctgtgccgtgtttggccttggaggagtgggcctgtctgttatcatgggctgtaaagcagccggagcggccagg15 
atcattggggtggacatcaacaaagacaagtttgcaaaggccaaagaagtgggtgccactgagtgtgtcaaccctcaggactacaaga16 
aacccatccaggaggtgctgacagaaatgagcaatggaggtgtggatttttcctttgaagtcattggtcggctcgacactatggtgactgc17 
cttgtcatgctgtcaagaagcatatggtgtgagcgtcattgtgggagtacctcctgattcccaaaatctctctatgaatcctatgttgctact18 
gagtggacgtacctggaaaggagctatttttggcggttttaagagtaaagattctgtccccaaacttgtggccgattttatggctaaaaag19 
tttgcactggatcctttaatcacccatgttttaccttttgaaaaaataaatgaaggatttgacctgcttcgctctggagagagtatccgtacc20 
atcctgacgttttga 21 
 22 
Protein sequence of LADH with a strep tag (GREEN) and TEV cleavage site (YELLOW)a 23 
MASWSHPQFEKGAENLYFQ|GAGSTAGKVIKCKAAVLWEEKKPFSIEEVEVAPPKAHEVRIKMVATGICRSD24 
DHVVSGTLVTPLPVIAGHEAAGIVESIGEGVTTVRPGDKVIPLFTPQCGKCRVCKHPEGNFCLKNDLSMPRGT25 
MQDGTSRFTCRGKPIHHFLGTSTFSQYTVVDEISVAKIDAASPLEKVCLIGCGFSTGYGSAVKVAKVTQGSTCA26 
VFGLGGVGLSVIMGCKAAGAARIIGVDINKDKFAKAKEVGATECVNPQDYKKPIQEVLTEMSNGGVDFSFEV27 
IGRLDTMVTALSCCQEAYGVSVIVGVPPDSQNLSMNPMLLLSGRTWKGAIFGGFKSKDSVPKLVADFMAKK28 
FALDPLITHVLPFEKINEGFDLLRSGESIRTILTF 29 
a“|” indicates the cleavage position. 30 
 31 
 32 

 33 



 7 

8.  Protein expression and purification 1 

Wild-type LADH was expressed using the Escherichia coli cell line [BL21(DE3), New 2 

England BioLabs Inc.] in Lysogeny broth (LB) medium (Miller) in the presence of ampicillin (0.1 3 

g/L). Typically, a 5 mL starter culture was prepared overnight and then added to 1-L autoclaved 4 

LB medium (25 g LB in 1 L tap water; tap water is essential to produce good yields, we thank 5 

Professor Plapp for this information), which was incubated in a shaker at 37 °C and 200 rpm. 6 

When the O.D.600 had reached 0.6-0.8, protein over-expression was induced with 0.2 mM 7 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) and the cell culture was grown overnight (16-18 8 

hours) at 23 °C. Cell pellets were collected by centrifugation at 6000 rpm for 30 minutes at 4 °C 9 

and then resuspended in 100mM Tris-HCl buffer at pH 8.0 containing 150 mM NaCl and 10% (v/v) 10 

glycerol. Cells were lysed using a mechanical homogenizer (Avestin EmulsiFlex-C3), and the 11 

lysates were centrifuged at 15000 rpm for 90 minutes at 4 °C. The resultant supernatants were 12 

further filtered (0.22 µm) and then loaded onto the strep column (StrepTrap HP, Catalog No. 13 

28907547, GE Healthcare). After the strep-tag purification, the protein was treated with TEV 14 

protease (Gene and Cell Technologies Inc.) to cleave the strep tag for 16 hours at 4 °C. The tag-15 

free protein was then purified by anion exchange column (HiTrap Q HP, Catalog No. 17115401, 16 

GE Healthcare) at pH 9.5 (20 mM piperazine). The identity and purity of protein were 17 

characterized by electrospray ionization mass spectrometry (Waters 2795 HPLC with ZQ single 18 

quadrupole MS in Stanford University Mass Spectrometry facility). 19 

 20 

 21 

 22 



 8 

9.  X-Ray Crystallography of LADH.  1 

The crystallization of LADH is based on a modified hanging-drop method as previously 2 

described.9 The protein solution for growing crystals contains 25 mg/mL LADH, 4 mM NADH and 3 

20 mM N-cyclohexylformamide. The initial drop consists of 1 µL protein sample in 1 µL 50mM 4 

Tris-HCl buffer (pH 7.80 at room temperature) from the reservoir solution that contains varying 5 

amounts of PEG 400 (10% -28%). Crystals are grown at 4 °C and normally harvested within a week. 6 

To prepare samples for X-ray crystallography, a single crystal was looped and dipped into the 7 

cryoprotectant (mother liquor with 30% PEG400) before flash cooling in liquid nitrogen. The X-8 

ray diffraction data were collected at 100 K at the Stanford Synchrotron Radiation Lightsource 9 

(Menlo Park, CA) at beamline BL12-2. The structures were solved using the Molecular 10 

Replacement Module from PHENIX, where the initial model was a published 1.14 Å structure of 11 

wild-type LADH in complex with NAD+ and 2,3,4,5,6-pentafluorobenzyl alcohol (PDB: 4DWV). 12 

Several rounds of manual and automatic structure refinement were performed using COOT and 13 

PHENIX to ensure the data fitting converges according to some standard metrics. The data 14 

collection and refinement statistics are shown in Supplementary Table 29.  15 

10.  Fixed-Charge (FC) MD simulations of aldehydes in solvents.  16 

The molecule of interest was constructed in Gaussview 6.0, and the geometry was 17 

optimized by Density Functional Theory (DFT) in Gaussian 1610 at the B3LYP/6-311++G(2d,2p) 18 

level. The resultant structure was then used for parameterization through the Antechamber 19 

program of AmberTools1611 based on the GAFF force field. The force field parameters for organic 20 

solvents were taken from Caleman et al.,12 and water was parameterized using the TIP3P model. 21 

All simulations were performed by GROMACS 201813 based on a previously established protocol.3 22 



 9 

A single solute molecule was placed in the center of a cubic solvation box that has a size of 4×4×4 1 

nm3 filled with solvent molecules. Under periodic boundary conditions, the system was first 2 

energy minimized until the maximum force is less than 1000 kJ/mol/nm, followed by NVT and 3 

NPT equilibration runs (100 ps for each). MD production runs were performed over 1 ns with 2 4 

fs steps, with a van der Waals cutoff of 10 Å (with analytical VdW correction), an electrostatics 5 

cutoff of 10 Å  (with particle mesh Ewald method), an SD (leap-frog stochastic dynamics) 6 

integrator, the Berendsen thermostat14 and the Parrinello-Rahman barostat.15 The electric field 7 

vectors on the relevant atoms (C, D, O) were obtained via dividing the electrostatic forces acting 8 

on these atoms by the corresponding atomic charges as described in previous work3,16. To extract 9 

the solvent contributions to the electric fields, the MD frames obtained were recalculated with 10 

atomic charges on all solvent molecules zeroed out, providing the field contributions from the 11 

solute atoms themselves which were then subtracted from the electric field values obtained in 12 

the original production run. The electric field projections along the C=O and C-D directions are 13 

then evaluated using the following equation: 14 

𝐹!" =
1
2 (�⃗�! ∙ �̂�!" + �⃗�" ∙ �̂�!") 15 

where 𝐹!" denotes the field projection along the C=O/C-D bond, �⃗�! and �⃗�" are the electric fields 16 

acting on the C and O/D atoms, respectively, and �̂�!" refers to a unit vector along the direction 17 

of the C=O/C-D bond. 18 

 19 

 20 

 21 
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11.  AMOEBA polarizable MD simulations of aldehydes in solvents. 1 

Polarizable MD simulations were performed using the AMOEBA09 force field in Tinker 2 

8.7.17 Solute parameters were generated using Poltype as described previously,16,18 with 3 

polarization groups defined according to conformationally rigid groups and electrostatic 4 

potential fitting based on QM calculations at the MP2/6-311++G(2d,2p) level. Solvent parameters 5 

were taken from previous work,16,18 and amoeba03 water was used as implemented in the 6 

AMOEBA09 force field. Solute molecules were solvated in a 4.6×4.6×4.6 nm3 box and the system 7 

was equilibrated using the procedure as reported previously.16,18 MD production runs were 8 

performed over 1 ns with 1 fs steps, with a van der Waals cutoff of 12 Å (with analytical VdW 9 

correction), an electrostatics cutoff of 7 Å (with particle mesh Ewald method), an induced dipole 10 

convergence threshold set to 10-5 D, the Beeman integrator,19 the Bussi thermostat20 and the 11 

Monte-Carlo barostat (with an inverse friction constant of 1 ps as well as molecular volume 12 

scaling). In order to determine the solvent electric fields acting on solute atoms, the solvent-13 

specific induced dipoles (i.e., total induced dipoles “minus” intramolecular/solute induced 14 

dipoles) were divided by the atomic polarizability.16,18 The electric field projections along the C=O 15 

and C-D bond directions were calculated using the same equation as in fixed-charge simulations. 16 

 17 

 18 

 19 

 20 
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12.  New approaches for QM-based solvent electric field calculations.  1 

Obtaining the frequency-field correlation for the CXF-D vibrational probe in solution 2 

requires accurate evaluation of the solvent electric fields along the C=O and C-D bonds. While 3 

calculations based on fixed-charge3 or polarizable18 force fields have been successful in 4 

quantifying the solvent electric fields acting on  C=O in vibrational probes such as acetophenone, 5 

the accuracy of MM-based approaches in evaluating the electric fields experienced by C-D, which 6 

has a very different bond dipole and surrounding solvent environment than those of C=O, has 7 

never been systematically assessed to the best of our knowledge. As shown in Supplementary 8 

Fig. 4, calculations based on fixed-charge MM yields a poor field-frequency correlation for the C-9 

D probe. To avoid the potential bias arising from the uncertainties in assigning parameters to the 10 

MM force fields, here we have developed a new computational protocol that employs DFT-based 11 

electronic structure methods to calculate the solvent electric field projections on both the C=O 12 

and C-D bond directions. 13 

While in calculations based on MM force fields it is straightforward to partition the 14 

electric fields experienced by the probe into contributions from solvents and those from the 15 

solute atoms themselves, such a partition is not readily available for QM methods since the 16 

electronic wavefunction obtained from a conventional QM calculation is delocalized in the full 17 

system and thus in general non-partitionable. Here we adapted two recently developed 18 

electronic structure partitioning methods to achieve such a partition and thereby quantify the 19 

solvent electric field contributions, which are illustrated in Supplementary Fig. 11. The first 20 

approach, which we refer to as the SPADE (Subsystem Projected AO Decomposition)21 21 

partitioning scheme in the present paper, is a recently developed method for partitioning the 22 



 12 

space spanned by occupied molecular orbitals (MOs) in projection-based embedding theory.22,23 1 

It shows better performance than other commonly used approaches such as the method based 2 

on Pipek-Mezey localization and Mulliken population screening.24 Starting from the fully 3 

converged MOs obtained from a self-consistent field (SCF) calculation for the entire solute-4 

solvent system, this method transforms the occupied orbitals based on the result of a singular 5 

value decomposition of their subsystem-projected MO coefficient matrix21. These transformed 6 

occupied orbitals can then be assigned to the solute and solvent fragments of the system, which 7 

remain orthogonal to each other, and the one-particle electron density matrix constructed from 8 

the occupied orbitals that are assigned to the solvent fragment, together with the solvent nuclei, 9 

will be used to evaluate the electric fields exerted on solute atoms.  10 

The second approach, which is based on absolutely localized molecular orbitals25 and thus 11 

referred to as the ALMO approach throughout this paper, requires a fragment partition of the 12 

system with the solute molecule (e.g. CXF-D) as one fragment and all solvent molecules as 13 

another. The MOs are fragment-designated at the beginning of the calculation (Scheme 2 in 14 

Supplementary Fig. 11), which are variationally optimized subject to the constraint that they are 15 

expanded in the atomic orbital basis functions belonging to the same fragment alone, i.e., the 16 

MO coefficient matrix remains fragment-block-diagonal. The converged ALMOs that belong to 17 

the solvent part of the system are then used to evaluate the solvent electric fields experienced 18 

by the solute vibrational probe. Differing from the SPADE method, the ALMO approach precludes 19 

charge transfer between the solute and solvent regions26, whereas the other electrostatic and 20 

non-electrostatic (e.g. Pauli repulsion) interactions between the solute and solvent are 21 

retained.27 The results in Supplementary Tables 6 and 10 show that these two electronic 22 
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structure partitioning schemes yield similar results for the electric fields experienced by C=O and 1 

C-D, suggesting that they are both robust schemes for quantifying the solvent electric field 2 

contributions. 3 

Due to the high computational demand of QM, we performed electric field calculations 4 

on molecular clusters consisting of a single solute molecule (CXF-D) and solvent molecules, which 5 

were extracted from GAFF (fixed-charge) or AMOEBA (polarizable) MD trajectories. For each 6 

solvent, 100 equally spaced frames were selected from a 1 ns trajectory, except that 500 equally 7 

spaced frames were selected for water due to the particularly large standard deviation associated 8 

with its resultant electric fields, i.e., large inhomogeneous broadening. A truncated solute-9 

solvent cluster was then extracted from each MD frame, based on the criterion that the center-10 

of-mass of a solvent molecule included is within a range of 7	Å from any one of the atoms 11 

constituting CXF-D. Note that the atomic coordinates in MD frames were subject to periodic 12 

boundary conditions, which had been taken into account in the generation of solute-solvent 13 

clusters for non-periodic QM calculations. The structures of these clusters were then used for the 14 

QM electric field calculations. We also generated solute-solvent clusters using a larger cutoff 15 

radius (8	Å) for four representative solvents (hexane, toluene, DMSO, and water). The changes 16 

in the obtained mean values of the electric fields experienced by C=O and C-D were all smaller 17 

than 10% relative to the results calculated with the 7	Å cutoff (Supplementary Table 21), with 18 

the largest relative deviation (9.5%) occurring in the electric field of hexane projected along C-D 19 

(which has a particularly small absolute value of ~1.5 MV/cm), indicating that a cutoff value of 20 

7	Å is sufficient for the accurate evaluation of solvent electric fields. With CXF-D as the solute, 21 

such a cluster typically consists of 200—500 atoms. 22 



 14 

We implemented the two electronic structure partitioning methods introduced above 1 

(SPADE and ALMO) for electric field calculations in a locally modified version of the Q-Chem 5.3 2 

software package.28 All the solvent electric field calculations were performed at the B3LYP/6-3 

31+G(d) level of theory,29,30 with a (75, 302) integration grid (75 radial shells with 302 Lebedev 4 

points in each) for the exchange-correlation functional. The standard and ALMO-based SCF 5 

calculations were both converged to a root-mean-square (RMS) error below 10-8 a.u. Since the 6 

solvent electric field is non-uniform in space, the electric field exerted on a chemical bond (which 7 

involves two atoms) cannot be uniquely defined. In this work, we investigated two distinct 8 

schemes to estimate the strength of electric field along a given chemical bond. Denoting the two 9 

bonding atoms as C and X (X = O or D), the first approach (utilized to generate the data in 10 

Supplementary Tables 6-7) utilizes the QM package to calculate the solvent electric fields exerted 11 

on the two atoms, which are two 3-vectors (�⃗�! and �⃗�"). We then calculate the projection of these 12 

two electric field vectors along the bond direction (�̂�!"), and the average of these two projections 13 

can be used to estimate the electric field experienced by the CX bond: 14 

𝐹!" =
1
2 (�⃗�! ∙ �̂�!" + �⃗�" ∙ �̂�!") 15 

Note that this approach was also employed in the electric field calculations based on fixed-charge 16 

and polarizable force fields. The second approach uses the electrostatic potential (ESP) values on 17 

the C and X atoms (𝜑!  and 𝜑" ) obtained from electronic structure calculations (utilized to 18 

generate the data in Supplementary Tables 8-9). The electric field along the CX bond is evaluated 19 

using 20 

𝐹!" = (𝜑! − 𝜑")/𝑟!" 21 
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where 𝑟!" is the CX bond length. It is easy to show that these two approaches yield the same 1 

results if the electric component increases or drops linearly along the bond direction. The results 2 

in Supplementary Tables 6-9 show that the two approaches introduced above give similar 3 

estimations for the strength of electric field on chemical bonds, making no significant difference 4 

to the frequency-field maps that one would obtain. The excellent agreement between the results 5 

of these two distinct approaches underpinned the physical meaning of the “electric field on bond” 6 

concept that we have been using to discuss the vibrational Stark effect / solvatochromism of the 7 

C=O and C-D stretching modes throughout this paper. 8 

13.  Ab initio vibrational frequency calculations in the gas phase or with implicit solvent.  9 

The harmonic frequencies for the vibrational modes of CXF-D were computed using the 10 

Q-Chem 5.3 software package.28 At a given level of theory (e.g., B3LYP/6-31+G(d)), we first 11 

optimized the geometry of CXF-D until the maximum component of the gradient was below 10-4 12 

a.u. and the energy change relative to that in the previous optimization step was smaller than 10-13 

7 a.u. The harmonic frequencies were then computed through analytic second nuclear derivatives 14 

(for DFT-based calculations) or numerical differentiation based on nuclear gradients (for 15 

calculations using resolution-of-identity (RI)-MP2 whose second nuclear derivatives are 16 

unavailable in Q-Chem). A (99, 590) numerical quadrature was employed for the DFT-based 17 

calculations, which corresponds to 99 atom-centered radial shells with 590 Lebedev points in 18 

each. The obtained harmonic frequencies were then uniformly scaled with a multiplicative factor 19 

that is specific to each level of theory, which can be retrieved from the Computational Chemistry 20 

Comparison and Benchmark Database (CCCBDB).31 For the B3LYP/6-31+G(d) level of theory, the 21 

same scaling factor as that for B3LYP/6-31+G(d,p) (0.964) was adopted (see Fig. 4 and 22 
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Supplementary Table 16). The same procedure was also applied to calculate the harmonic 1 

frequencies of acetyl chloride in the gas phase (Supplementary Table 22). 2 

We also performed DFT-based vibrational frequency calculations (at the B3LYP/6-31+G(d) 3 

level) for CXF-D with a uniform dipolar electric field applied along the direction of either of these 4 

two bonds (Supplementary Fig. 5 and Supplementary Table 14), which are referred to as “Stark 5 

in silico” calculations throughout the discussions in this paper. The strength of the electric field 6 

applied along C=O ranged from -160 to +20 MV/cm, and that along C-D from -20 to +80 MV/cm. 7 

In these calculations, we first re-oriented the geometry of CXF-D optimized without the external 8 

field such that the C=O or C-D bond was aligned with the z-axis in the Cartesian frame. The 9 

geometry of CXF-D was then re-optimized at each given magnitude of the external electric field 10 

along the z direction, followed by a harmonic frequency calculation under the same field. We 11 

note that the external electric field applied along either of the bond directions will exert a torque 12 

on the CXF-D molecule, such that the C=O or C-D bond in the optimized geometry will not be 13 

exactly parallel to the applied field which remains along the z direction. Nevertheless, the 14 

deviation of the C=O or C-D bond direction from the z axis was found to be very small in the 15 

optimized geometry, and thus had negligible impacts on the field-frequency maps obtained from 16 

these calculations. A similar set of calculations was also performed for the acetyl chloride 17 

molecule with an external electric field applied along either the C=O or C-Cl directions, with the 18 

field strength ranging from -100 to +20 MV/cm (Supplementary Fig. 13 and Supplementary Table 19 

18). 20 

As a computationally less costly way to characterize the solvatochromism associated with 21 

the C=O and C-D stretch frequencies, we also performed harmonic frequency calculations for 22 
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CXF-D (at the B3LYP/6-31+G(d) level of theory) in solvents described by the conductor-like 1 

polarizable continuum model (C-PCM)32,33,34 (Supplementary Table 16). In the C-PCM calculations, 2 

the surface of the solute cavity was determined by coalescing each atom’s van der Waals (vdW) 3 

radius35 (scaled by a factor of 1.2). For both hydrogen and heavy atoms, 302 Lebedev grid points 4 

are placed on the surface of scaled vdW spheres. To ensure the smoothness of the potential 5 

energy surface of solute in PCM solvent, the switching/Gaussian (SWIG) method36,37 as 6 

implemented in Q-Chem was employed in the C-PCM calculations. The other computational 7 

details for geometry optimization and harmonic frequency analysis are the same as those for the 8 

gas-phase calculations described above. 9 

To shed light on the difference in the local field factors associated with the C=O and C-D 10 

bonds, we further performed “Stark in silico” calculations in PCM to model the local solvation 11 

environment experienced by the vibrational probe within a frozen glass. These calculations 12 

capture the vibrational frequency shifts when a chemical bond experiences both an external 13 

electric field and the field arising from the local solvation environment, and the local field factor 14 

can be estimated by calculating the ratio of the frequency shift calculated in PCM (∆𝜐#!$) to that 15 

in vacuum ( ∆𝜐%&' ) at a given strength of the external field: 𝑓 = |∆𝜐#!$|/|∆𝜐%&'| . The 16 

computational details for the “Stark in silico” calculations as well as the use of PCM are the same 17 

as described above. Dielectric constants 6.97 and 62.046 were used for the two glass-forming 18 

solvents, 2-MeTHF and the 1:1 (v/v) mixture of D2O/glycer(ol-D3), respectively. 19 

14.  Calculations of molecular electrostatic properties.  20 

To shed light on the electrostatic interactions between the aldehyde group of CXF-D and 21 

solvents, we obtained the atomic charge populations on the C, D, and O atoms from electronic 22 
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structure calculations at the B3LYP/6-31+G(d) level of theory. The calculations were performed 1 

at the optimized geometry of CXF-D (with the same QM theory). Multiple charge population 2 

schemes that are available in the Q-Chem were employed, including Mulliken,38 iterative 3 

Hirshfeld,39 ChelpG,40 Merz-Kollman,41 and the charge model 5 (CM5).42 The atomic charges 4 

obtained from these schemes (Supplementary Table 27) vary from each other to a large extent, 5 

but the results are qualitatively consistent, that is, there is a strong bond dipole associated with 6 

C=O, and both the carbon and deuterium atoms are positively charged in the C-D bond while the 7 

D atom is less so. 8 

At the same level of theory, we generated the electrostatic potential (ESP) map of the 9 

CXF-D molecule. Given the converged electron density of CXF-D obtained from the DFT 10 

calculation, the ESP in the 3-space was calculated on a cubic uniform grid. The ESP map of CXF-D 11 

shown in Supplementary Fig. 6 was evaluated on the 1.2× vdW radii surface using the IQmol 12 

visualization package. The ESP map was also generated for the acetyl chloride molecule in the 13 

same way. 14 
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Supplementary Texts 1 

 2 
1.  The vibrational solvatochromism of acetyl chloride.   3 

Since the carbon-chlorine bond (C-Cl) has a larger bond dipole than C-D, we expect that 4 

the solvent field’s orientation around acetyl chloride should be significantly different from that 5 

on CXF-D. In particular, unlike the observed bond destabilization (positive field) on C-D, we expect 6 

that the C-Cl bond should experience favorable electrostatic interactions with solvents (negative 7 

field). Following this intuition, the C=O of acetyl chloride would consequently experience a 8 

smaller negative solvent field than CXF-D’s C=O since the electric field orientation would be 9 

shifted toward the C-Cl’s bond axis. The computational results shown in Supplementary Fig. 12 10 

are in good agreement with our predictions: the C=O of acetyl chloride has a smaller electric field 11 

than that in CXF-D (Supplementary Fig. 12), and the C-Cl experiences a negative solvent electric 12 

field (Supplementary Fig. 12), which is in opposition to the field experienced by CXF-D’s C-D.  13 

The FTIR spectra of acetyl chloride in three solvents (Supplementary Fig. 7; note that 14 

acetyl chloride is not stable in water) show its much smaller solvatochromic shifts in �̅�CO than that 15 

of CXF-D, which also qualitatively agrees with the ab initio frequency calculations using PCM to 16 

describe solvent effects (Supplementary Tables 16 and 22). However, it is noteworthy that the 17 

observed frequency shift from hexane to acetonitrile is only 2 cm-1, which is much smaller than 18 

the corresponding shift for CXF-D (19 cm-1). We used VSS to experimentally calibrate the 19 

sensitivity of acetyl chloride’s C=O to an applied external electric field (Supplementary Fig. 8), 20 

showing that its Stark tuning rate is 1.80/f cm-1/(MV/cm), where f denotes the local field factor. 21 

f  has been found to be about 2 for carbonyls, so the actual Stark tuning rate for the C=O of acetyl 22 
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chloride should be around 0.90 cm-1/(MV/cm), which is in good agreement with the result 1 

obtained from ab initio VSE calculations (1.07 cm-1/(MV/cm), see Fig. S13). The 2-cm-1 frequency 2 

shift over this range of solvents thus suggests that the solvent electric field experienced by C=O 3 

has changed by only ~2 MV/cm moving from hexane to acetonitrile, a much smaller value than 4 

those obtained from the solvent electric field calculations (Supplementary Tables 23-26), which 5 

are typically larger than 20 MV/cm despite the variations with the computational method 6 

employed. We speculate that the unusually small frequency shift of acetyl chloride’s C=O may 7 

arise from through-bond polarization when C-Cl is stabilized by solvents. Another possibility is 8 

that the force field parameterization for the Cl atom in acetyl chloride might be insufficiently 9 

accurate such that in the MD simulations the interaction between C-Cl and the solvents was 10 

underestimated. Nonetheless, the extraordinarily small C=O solvatochromic shift in acetyl 11 

chloride compared with other carbonyl groups probed to date reflects the unusual tug-of-war 12 

between the C=O and C-Cl bonds for solvent stabilization. 13 
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2.  Derivation of Equation 1 in the main text (calculation of the angle between the electric 1 

field vector and the C=O dipole direction in the aldehyde plane). 2 

Here we show how one can extract the orientation of the electric field vector in the plane 3 

of the aldehyde moiety from the ratio of electric field projections on C-D (𝐹!()) to that on C=O 4 

(𝐹!*+). As shown in Fig. 1c, denoting the angle between the electric field vector in the plane and 5 

the C=O bond dipole direction (from O to C) as 𝜃 (which is positive when it is on the opposite side 6 

as C-D with regard to the C=O bond dipole), with the assumption that the angle between C=O 7 

and C-D is fixed at 120°, the electric field projections along C=O and C-D are related to the total 8 

electric field in the aldehyde plane through the following equalities: 9 

𝐹!() = =�⃗�,-,= cos A𝜃 +
𝜋
3D , 𝐹!*+ = =�⃗�,-,= cos(𝜋 − 𝜃). 10 

Therefore,  we have 11 

𝐹!()
𝐹!*+

=
cos(𝜃 + 𝜋3)
cos(𝜋 − 𝜃) =

1
2 (cos 𝜃 − √3 sin 𝜃)

− cos 𝜃 = −
1
2 (1 − √3 tan 𝜃). 12 

Solving for the angle 𝜃 gives Equation 1 in the main text 13 

q = arctan M
1
√3

N1 + 2
𝐹!()
𝐹!*+

OP. 14 
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3.  Discussion on the local field factor. 1 

In vibrational Stark spectroscopy (VSS) experiments, an external voltage (V) of known 2 

magnitude was applied to a parallel capacitor of known pathlength (d) that contains the molecule 3 

of interest. The applied external electric field (|�⃗�./,|) at the macroscopic level can thus be 4 

obtained by |�⃗�./,|= V / d. However, because the sample is embedded in a frozen dielectric 5 

medium such as 2-MeTHF or D2O/glycer(ol-D3) mixture at 77 K rather than in vacuum, the actual 6 

electric field (|�⃗�0-'&0|) experienced by a vibrational probe at the microscopic level differs from 7 

|�⃗�./,| as a result of the inhomogeneous polarization of the dielectric medium induced by the 8 

external electric field. This difference is taken into account using the local field factor f,4,43 i.e., 9 

|�⃗�0-'&0| =  |�⃗�./,|f. In general the local field factor f is a tensor and several models are available 10 

for estimating its value4, but we approximate it as a scalar. Because of the uncertainty in the 11 

actual value of the local field factor for any particular glass used to measure Stark spectra, we 12 

report the observed value of Dµ scaled by the local field factor as: |Dµ|f. Vibrational 13 

solvatochromism provides another means to estimate Dµ from the slope of the correlation 14 

between experimentally measured frequencies and calculated electric field projections on bonds 15 

(e.g. Fig. 4).  While the local field correction does not enter into solvatochromism measurements, 16 

a comparison of the slope of solvatochromism fit with the VSS data gives an estimate for the local 17 

field correction, to the extent that the calculated fields are meaningful. This issue has been 18 

discussed in depth elsewhere.44,45  For  C=O and C≡N f ≈ 2 while for vibrational transitions that 19 

involve hydrogen, such as O-H(D), N-H, and S-H, f ≈ 1. Since previously only one vibrational 20 

transition of a molecule was studied each time, only one corresponding local field factor was 21 

obtained from the VSS experiment. However, in this work, the two-directional vibrational probe 22 
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carrying C=O and C-D around the same carbon atom offers an opportunity to estimate the local 1 

field factors in the directions of two chemical bonds. In particular, by comparing the Stark tuning 2 

rates obtained from the solvatochromism fits (Fig. 4) to those measured from VSS experiments 3 

(Fig. 2), the resulting value of f in the VSS studies of CXF-D in the direction of C=O (fC=O)  is ~2.7, 4 

which falls in the range of estimated values in previous studies,3,44 while in the direction of C-D 5 

(fC-D) the value is ~1.2 (Figs. 2 and 4). 6 

There are two most likely reasons for the different local field factors for C=O and C-D in 7 

the aldehyde probes reported here.   First, the VSS experiments for C=O and C-D were performed 8 

in different solvents at different concentrations, i.e., 1 M CXF-D in 2-MeTHF for C-D, where the 9 

high concentration is required due to the weak absorbance of C-D, and 50 mM CXF-D in 10 

D2O/glycer(ol-D3) mixture for C=O. Here we used a different solvent for the measurement of C=O 11 

because CXF-D could form dimers through intermolecular hydrogen bonds in 2-MeTHF 12 

complicating the C=O absorption spectrum.  Second, the local field factors for C=O and C-D may 13 

be intrinsically different due to their distinct local solvation environments. As discussed in the 14 

main text of this paper, the solvents tend to organize around CXF-D to preferentially stabilize C=O 15 

while destabilizing C-D as a secondary effect, leading to a negative (stabilizing) electric field along 16 

C=O and a positive (destabilizing) field along C-D (Fig. 3 and Fig. 4). Since the local field factor 17 

originates from the anisotropic polarization of the dielectric medium imposed by the external 18 

electric field, it is anticipated that the different solvation (electrostatic) environments 19 

experienced by C=O and C-D could lead to different local field factors. That is, the external electric 20 

field is screened by solvents to different extents along C=O and C-D depending on their local 21 

solvation environment. Although the samples of VSS experiments are embedded in a frozen glass 22 
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environment that is different from the liquid phase used in the solvatochromism experiments 1 

and in the enzyme, it is conceivable that the model of preferential solvation revealed in the liquid 2 

phase also applies to the frozen glass, i.e., the local solvation environments of C=O and C-D are 3 

different in both the liquid phase and the frozen glass phase.  4 

To gain additional insights into the different local field factors for C=O and C-D in CXF-D, 5 

we extended the “Stark in silico” calculations (DFT frequency calculations with uniform electric 6 

fields applied along the bond directions, see Supplementary Fig. 5) to environments with implicit 7 

solvation, i.e., instead of performing these calculations in vacuo, we employed the C-PCM 8 

model32,33,34 as a first approximation to describe the solvation environment in the frozen glass 9 

formed by 2-MeTHF and the D2O/glycer(ol-D3) mixture. The field-on calculations were performed 10 

at a field strength of +/- 20MV/cm for C-D/C=O, and the experimental dielectric constants for the 11 

liquid phase of these solvents were employed in the calculations with PCM [𝜀 = 6.97 was used 12 

for 2-MeTHF and 62.046 for the 1:1 (v/v) mixture of D2O/glycer(ol-D3)]. The results are 13 

summarized in Supplementary Table 30. Remarkably, the Stark tuning rates obtained using this 14 

relatively simple theoretical model are in good agreement with the VSS experimental results: 15 

1.01 (sim.) vs. 1.13 (exp.) cm-1/(MV/cm) for C=O, and 1.22 (sim.) vs. 1.29 (exp.) cm-1/(MV/cm) for 16 

C-D, where “sim.” and “exp.” denote simulated and experimental values, respectively. The 17 

resulting local field factors f [estimated using the ratio of the Stark tuning rate calculated with 18 

PCM (|Dµ|PCM) to that in the gas phase (|Dµ|vac), i.e., f = |Dµ|PCM / |Dµ|vac] are ~1.5 for C=O and 19 

~0.9 for C-D regardless of the choice of solvent. We note that the local field factors obtained 20 

here are smaller than those estimated by comparing the VSS-measured values to the slopes of 21 

the solvatochromism fits ( ~ 2.7 for C=O and ~ 1.2 for C-D), which is likely due to the 22 
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overestimation44 in |Dµ|vac by the “Stark in silico” calculations performed in the gas phase 1 

(Supplementary Fig. 5). Nevertheless, the observed trend that 𝑓!) < 𝑓!+ is well reproduced by 2 

these calculations. The fact that the use of different solvents only causes small changes to the 3 

Stark tuning rates as well as the local field factors obtained suggests that the different local field 4 

factors for C=O and C-D are more likely to stem from the different solvent organization around 5 

these two bonds rather than the change in the solvent dielectric constants.  6 

 7 

4.  Vibrational solvatochromism of CXF-D in alcohols. 8 

Despite strong linear field-frequency and field-field correlations observed in a wide range 9 

of solvents (Figs. 4 and 5), water is quite different from most of the other solvents as it can form 10 

hydrogen-bonding (HB) interactions with carbonyl groups (C=O), leading to a significant redshift 11 

in the C=O frequency. It has been shown that this large redshift is largely due to the vibrational 12 

Stark effect given that the redshifts of carbonyl groups in water follow the same linear field-13 

frequency correlation with other solvents.3,5,44 The vibrational Stark spectroscopy3 and recent 2D 14 

IR studies47 have shown that the Stark tuning rate and bond anharmonicity of C=O are largely 15 

unaffected upon HB formation, further demonstrating that the HB interaction experienced by 16 

C=O can be quantitatively described within the framework of electrostatic interactions.  17 

However, up until now we have not extensively explored polar protic solvents other than 18 

water. This is mostly because: (1) experimentally, the IR spectra in non-aqueous protic solvents,  19 

which usually have weaker HB capabilities than water, may be complicated by the coexistence of 20 

HB and non-HB populations; (2) on the computational side, the electric field calculations for 21 

protic solvents place a premium on both the accuracy of the MD force field and the solvent 22 
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parameterization for describing HB interactions, which is more subtle than other non-specific 1 

intermolecular interactions. Despite these potential challenges, we have studied methanol and 2 

ethanol here as two other protic solvents besides water and show that, despite additional 3 

complexity due to the heterogeneity of solvation environment, the results in alcohols are in good 4 

agreement with the established field-frequency and field-field correlations. 5 

Supplementary Figure 15 shows the IR spectra of CXF-D in methanol (a-b) and ethanol (c-6 

d). The non-symmetric C=O and C-D IR bands indicate the heterogeneity of solvation 7 

environments in alcohols as mentioned earlier. As a minimum model, we fit these spectra with 8 

two peaks, which correspond to the HB and non-HB populations (Supplementary Table 3). 9 

To obtain the ensemble-averaged solvent electric fields for both HB and non-HB 10 

populations, we analyzed MD trajectories and grouped MD frames into HB and non-HB categories 11 

based on a commonly used criterion for an HB.48 We then calculated solvent electric fields for 12 

both two populations using the SPADE method (Supplementary Methods 12, Supplementary 13 

Table 6). Supplementary Figure 16 shows that both HB and non-HB populations in alcohols form 14 

good linear field-frequency correlations along with other solvents for both C-D and C=O, 15 

indicating that the solvatochromic shifts in alcohols are largely due to the vibrational Stark effect, 16 

which is similar to the case of water. We then studied the field-field correlation and plotted the 17 

results in Supplementary Fig. 16, where both HB and non-HB populations in alcohols fall on the 18 

same line as other solvents, demonstrating that this linear field-field correlation also applies to 19 

protic solvents other than water. This observation further supports our conclusion and shows 20 

that the HB interactions in solutions increase the magnitude of electric fields but have a small 21 
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effect on the field orientation, demonstrating the fundamental similarity of electric field 1 

orientations experienced by solute in a broad range of solvents. 2 

5.  Fermi resonance analysis for the C-D vibration of CXF-D. 3 

The Fermi resonance coupling constant (W) can be estimated by Eq. 1, where D is the 4 

frequency separation between the two perturbed vibrations that are in Fermi resonance and R 5 

denotes the ratio of their intensities.49,50,51 6 

 7 

𝑊 =
1
2 ∙ ∆ ∙

V1 − N
𝑅 − 1
𝑅 + 1O

1

 8 

(Eq. 1) 9 

Based on Eq. 1, we obtain the Fermi coupling coefficients (W) of CXF-D in the solvents 10 

investigated in this work as shown in Supplementary Table 31 (note that in water the Fermi 11 

resonance is very weak and thus undetectable). It shows that the coupling constant W varies in 12 

different solvents ranging from 7.5 to 13 cm-1. It is worth noting that the perturbed frequency of 13 

the combination/overtone mode (𝜈1) that forms Fermi resonance with the C-D stretch mode (𝜈2) 14 

does not significantly shift in solvents. We think that is likely due to an interplay between the 15 

intrinsic sensitivity of that vibrational mode to solvent polarity and the coupling strength with 16 

the C-D stretching mode in different solvents. We also note that the Fermi resonance feature has 17 

vanished in LADH, which is most likely because the significant blueshift of the C-D band in the 18 

LADH active site makes its energy (𝜈2) and that of the other combination/overtone mode (𝜈1) 19 

substantially different, and therefore eliminates the Fermi resonance between them. This can 20 
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already be seen in the solvatochromism data (Fig. 3) as the peak intensity of the Fermi-resonance 1 

band progressively decreases and eventually vanished as the C-D band shifts to the blue going 2 

from hexane to water. Combination/overtone modes in the protein environment are also 3 

expected to be quite different from those in simple solvents. 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 
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Supplementary Figures 1 

 2 
Fig. 1. Vibrational Stark spectroscopy of CXF-D measured at 77 K with the derivative 3 
contributions. The upper panels (a and b) are infrared absorption spectra, and the lower panels 4 
(c and d) are the corresponding vibrational Stark spectra, which are scaled to an applied electric 5 
field of 1.0 MV/cm, with best fits (red) and derivative contributions (see Supplementary Table 1 6 
for full details of fitting). The C-D spectra were measured using 1 M CXF-D in 2-methyl 7 
tetrahydrofuran, and the absorption spectrum is fitted to a sum of three Voigt profile 8 
components (dash lines) labeled as 1, 2, and 3 in (a). Peak 1 is believed to result from Fermi 9 
resonance with the overtone of the C-D bending mode (see the section of Results and discussion). 10 
We note that the Stark spectrum of Peak 1 in (c) around 2090 cm-1 is not fully captured by the 11 
“best fit”. However, the poor fit for that part of the spectrum has a negligible effect on the value 12 
of the Start tuning rate of C-D (|∆𝜇C-D|fC-D) that is extracted. Even if we fit the Stark spectrum 13 
with only the derivative contributions of the main C-D band (i.e., without Peak 1 at all), the 14 
obtained |∆𝜇C-D|fC-D remains essentially the same compared to the fitting result that includes the 15 
shoulder peak [differing by ~  0.01 cm-1/(MV/cm)]. Peaks 2 and 3 are both considered to 16 
correspond to the C-D stretch mode, and there are two peaks likely due to the dimerization of 17 
CXF-D under the required condition of high concentration. This is evidenced by the fact that the 18 
peaks 2 and 3 have the same Stark tuning rate and can be grouped together (gray line in a) to fit 19 
the Stark spectrum (c), while peak 1 has very different fitting coefficients from that of peaks 2 20 
and 3. The C=O spectra were measured using 50 mM CXF-D in D2O/glycer(ol-D3) (v/v = 1/1). 21 
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 1 

 2 

Fig. 2. Vibrational Stark spectroscopy of methyl formate-D in 2-methyl tetrahydrofuran at 77 K 3 
with the derivative contributions. The upper panels (a and b) are infrared absorption spectra, 4 
and the lower panels (c and d) are the corresponding vibrational Stark spectra, which are scaled 5 
to an applied electric field of 1.0 MV/cm, with best fits (red, see Supplementary Table 1 for full 6 
details of fitting). For C-D, the concentration of methyl formate-D was 4 M because the extinction 7 
of the C-D bond is very small; for C=O, the concentration of methyl formate-D was 0.1 M.  8 
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 1 

Fig. 3. Vibrational solvatochromism of methyl formate-D. The FTIR spectra were recorded when 2 
20 mM methyl formate-D was dissolved in a series of organic solvents with various polarities.     3 
�̅�!()	blue-shifts while �̅�!*+	red-shifts as the solvent polarity increases. The shoulder peaks in the 4 
C-D spectrum at 2180 cm-1 and in the C=O spectrum at 1740 cm-1 are likely due to Fermi 5 
resonances; those peaks had minimal frequency shifts yet notable changes in intensity in 6 
different solvents. 7 
 8 
 9 
 10 
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 1 

Fig. 4. The correlation between experimentally measured C-D frequencies of CXF-D in solvents 2 
and the average solvent electric fields obtained from fixed-charge MD simulations based on 3 
the electrostatic force divided by the atomic charge3. The least-square fit is 𝜈!() = 0.92𝐹!()4-0% +4 
2115.3	(𝑅1 = 0.60), where 𝐹!()4-0% is the solvent electric field projection along C-D. 5 
 6 

 7 

 8 

 9 

 10 
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 1 

Fig. 5. Vibrational Stark effect of CXF-D’s C-D (a) and C=O (b) stretch modes revealed using gas-2 
phase “Stark in silico” calculations. A uniform external electric field was applied along the bond 3 
axis of either C-D or C=O, and ab initio frequency calculations were performed at the B3LYP/6-4 
31+G(d) level (scaled by 0.96431) to determine the vibrational frequencies as a function of the 5 
strength of the external electric field, whose original data are shown in Supplementary Table 18. 6 
(a) The C-D stretch frequency of CXF-D blue-shifts as the magnitude of positive electric field along 7 
C-D increases, consistent with the results of vibrational solvatochromism (Fig. 3). A linear fitting 8 
for the field-frequency correlation of C-D gives 𝜈!() = 1.10𝐹!() + 2118.70	(𝑅1 = 0.98). (b) 9 
The C=O stretch frequency of CXF-D red-shifts as the magnitude of negative electric field along 10 
C=O increases. A linear fitting for the field-frequency correlation yields 𝜈!*+ = 0.67𝐹!*+ +11 
1686.80	(𝑅1 = 0.9993). It is noteworthy that the Stark tuning rate of C-D [1.10 cm-1/(MV/cm] 12 
obtained purely in silico here is larger than that of C=O [0.67 cm-1/(MV/cm)]. This is in good 13 
agreement with the Stark tuning rates obtained from solvatochromism fits (1.07 and 0.42 cm-14 
1/(MV/cm) for C-D and C=O, respectively, see Fig. 4). We also note that previous studies have 15 
shown that DFT methods tend to overestimate the Stark tuning rates (by as much as 50%)52, 16 
which may explain the larger Stark tuning rates obtained in “Stark in silico” calculations than 17 
those from solvatochromism fits. 18 
 19 
 20 
 21 
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 1 

Fig. 6. (a) The molecular model of CXF-D with its electrostatic potential map. (b) the molecular 2 
model of CXF-D with its molecular dipole moment.  3 
 4 

 5 

Fig. 7. Vibrational solvatochromism of acetyl chloride. 10 mM acetyl chloride was dissolved in 6 
hexane, THF, and acetonitrile, and the FTIR spectra of C=O were recorded. (a) FTIR spectra of the 7 
C=O in acetyl chloride. (b) Molecular model of acetyl chloride with its molecular dipole moment. 8 
(c) Molecular model of acetyl chloride with its electrostatic potential map (warm/cold color 9 
indicates negative/positive potential). The C=O of acetyl chloride shows a surprisingly small 10 
redshift (2 cm-1) going from hexane to acetonitrile (Supplementary Table 17) compared to the 11 
shift in CXF-D (Fig. 3b), methyl formate-D (Supplementary Fig. 3), or any other simple carbonyl-12 
containing compound observed to date. 13 
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 1 

Fig. 8. Vibrational Stark spectroscopy of C=O measured with 100 mM acetyl chloride in 2-2 
methyltetrahydrofuran at 77 K. The upper panel is the absorption spectrum, and the bottom is 3 
the vibrational Stark spectrum which is shown as a difference spectrum of field on minus field off 4 
and scaled to an applied electric field of 1.0 MV/cm with best fits (red, see Supplementary Table 5 
1 for full fitting details). 6 
 7 
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 1 

Fig. 9. Unnormalized FTIR spectra of CXF-D in wild-type LADH. (a) The absorption spectrum of 2 
CXF-D’s C-D in wild-type LADH. Bound and unbound CXF-D can be seen in the spectrum, and the 3 
unbound peak could be completely subtracted, resulting in a blue-shifted C-D peak 4 
corresponding to the bound CXF-D. (b) The difference absorption spectrum of C=O in CXF-D 5 
minus that in N-[formyl-13C]-cyclohexylformamide (13C-CXF) in wild-type LADH. The frequency 6 
shift between these two isotope-labeled species is ca. 25 cm-1 (Supplementary Table 28). The 7 
reason that the C=O frequency difference between CXF-D and 13C-CXF is less than 40 cm-1, which 8 
is the typical and expected isotope shift for a carbonyl group between 12C- and 13C-labeled species, 9 
is that, substituting D for H on the aldehyde also causes some red shift (ca. 15-20 cm-1) in C=O 10 
(Supplementary Table 28). 11 

  12 

Fig. 10. Illustration of the active site of the wild type LADH in complex with NADH and N-13 
cyclohexylformamide (CXF) based on the crystal structure resolved at 1.43 Å (PDB: 7RM6, see 14 
Table 29). The C=O of CXF forms a hydrogen bond with Ser48 and has a strong electrostatic 15 
interaction with the catalytic Zn2+ at the active site. 16 
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  1 
Figure 11. Two electronic structure partitioning schemes that were employed for the QM 2 
calculations of solvent electric fields exerted on the vibrational probes. The first approach 3 
(SPADE) is based on the singular value decomposition (SVD) of subsystem-projected molecular 4 
orbitals (MOs), where the partition of the whole system is not invoked until the converged 5 
canonical MOs are obtained (indicated by the contrast between dashed and solid lines that 6 
separate solute and solvent on the top row of Scheme 1). The second approach is based on 7 
absolutely localized molecular orbitals (ALMOs), where the system is partitioned into solute and 8 
solvent fragments at the beginning and the MO coefficients that are being variationally optimized 9 
remain fragment-block-diagonal. In this schematic illustration, different colors are used to 10 
indicate changes in electronic wavefunctions (MOs), “O” and “V” denote occupied and virtual 11 
orbitals, and “1” and “2” denote the solute and solvent fragments, respectively. 12 
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 1 

Fig. 12. Electric fields acting on acetyl chloride and CXF-D in hexane, THF, and acetonitrile. (a) 2 
Solvent electric fields on C=O. (b) Solvent electric fields on C-D of CXF-D and C-Cl of acetyl chloride. 3 
Data are from Supplementary Tables 6 and 23. 4 
 5 

  6 

Fig. 13. Vibrational Stark effect of acetyl chloride’s C=O stretch mode revealed by “Stark in silico” 7 
calculations performed in the gas phase. A uniform external electric field was applied along the 8 
bond axis of C=O, and ab initio frequency calculations were performed, at the B3LYP/6-31+G(d) 9 
level with a scaling factor 0.964, to determine the vibrational frequencies under external electric 10 
fields (the original data are shown in Supplementary Table 18). A linear fitting for the field-11 
frequency correlation of C=O yields 𝜈!*+ = 1.07𝐹!*+ + 1820.8	(𝑅1 = 0.9998). 12 
 13 
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 1 
Fig. 14. The reversible hydride transfer reaction catalyzed by liver alcohol dehydrogenase.  2 
 3 

 4 

Fig. 15. The IR spectra of CXF-D in methanol and ethanol. (a) C-D of CXF-D in methanol. (b) C=O 5 
of CXF-D in methanol. (c) C-D of CXF-D in ethanol. (d) C=O of CXF-D in ethanol. The non-symmetric 6 
C=O and C-D IR bands indicate the heterogeneity of solvation environments in alcohols regarding 7 
the formation of H-bonds between CXF-D’s C=O group and the OH groups of the alcohols. Here 8 
we fit these spectra with two peaks, which correspond to the HB (green) and non-HB (blue) 9 
populations. The asterisk-labeled peaks in (a) and (c) correspond to the Fermi resonance band. 10 
More details are shown in Supplementary Table 3. 11 
 12 
 13 
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 1 
Fig. 16. The field-frequency correlations and field-field correlation with the HB and non-HB 2 
populations of CXF-D in methanol and ethanol taken into account. Gray data points represent 3 
the solvents shown in Fig. 4. Error bars represent the standard errors of electric field calculations. 4 
(a) The field-frequency correlation of C-D in solvents. (b) The field-frequency correlation of C=O 5 
in solvents. (c) The correlation between solvent electric fields on C=O and C-D.  6 
 7 
 8 

 9 
Fig. 17. Radial distribution functions (RDFs) for CXF-D in water obtained from 10ns fixed-charge 10 
MD simulation. Blue curve: RDF for the distance between the oxygen atom in CXF-D’s C=O group 11 
and the H atoms of solvent water molecules; orange curve: RDF for the distance between the 12 
deuterium atom in CXF-D and water’s O atoms. 13 
 14 
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Supplementary Tables 1 

Table 1. Vibrational Stark effect data 2 

Compound Vibrational 
mode 

Conc.  

M 

Solvent Peak 
position 

cm-1 

FWHM  

 cm-1 

Aa B  

 cm-1 

C  

 cm-2 

|Dµ|f  
cm-1 / 

(MV/cm) 

Methyl 
formate-D 

C=O 0.1 2MeTHF 1684.6 8.3 -4.58  
× 10-5 

-1.79  
× 10-3 

9.28  
× 10-2 

0.96 

C-D 4 2MeTHF 2224.8 22.3 -1.12  
× 10-6 

-5.88  
× 10-3 

8.39  
× 10-2 

0.92 

C-D 
shoulder 

4 2MeTHF 2192.0 15.5 2.20  
× 10-3 

5.63  
× 10-3 

1.09  
× 10-1 

1.04 

N-[formyl-
2H]cyclohe

xyl 
formamide 

C=O 0.05 D2O:glycer(ol-
D3) (v/v 1/1) 

1622.7 21.9 -5.72  
× 10-5 

-2.25  
× 10-3 

1.27  
× 10-1 

1.13 ±
0.01b 

C-D 1 2MeTHF 2157.1 37.1 3.91  
× 10-5 

-8.91  
× 10-3 

1.67  
× 10-1 

1.32 ±
0.04b 

C-D 
shoulder 

1 2MeTHF 2110.2 12.9 1.63  
× 10-5 

-9.24  
× 10-3 

3.20  
× 10-2 

0.57 

Acetyl 
chloride 

C=O 0.1 2MeTHF 1810.1 14.7 4.53  
× 10-5 

-8.02  
× 10-4 

3.24  
× 10-1 

1.80 

a A, B, and C are the fitting coefficients for the Stark spectra, corresponding to the 0th (A), 1st (B), and 2nd (C) derivative 3 
contributions respectively4. The Stark tuning rates (|Dµ|f) can be extracted from the coefficient of the 2nd derivative 4 
contribution (C) assuming the difference dipole of the vibrational mode is parallel with its transition dipole moment4. 5 
b Error bars represent the standard deviations based on analyzing three separate VSS datasets. 6 
 7 
Table 2. FTIR data analysis of CXF-D  8 

Solvent C=O C-D 
peak position 

 cm-1 
FWHM 
 cm-1 

peak position 
 cm-1 

FWHM 
 cm-1 

Hexane 1682.0 3.9 2126.4 18.0 
Toluene 1672.9 10.7 2134.4 28.7 

Dibutyl ether 1676.6 11.0 2123.8 20.4 
Chloroform 1660.4 19.0 2146.1 21.6 

THF 1670.1 14.4 2123.8 20.4 
DCM 1664.1 16.7 2144.3 25.3 

Cyclohexanone 1664.9 12.8 2126.3 39.1 
Acetone 1665.1 16.6 2133.0 24.9 

Acetonitrile 1662.5 14.7 2141.9 23.3 
Dimethyl formamide - - 2132.0 27.3 

DMSO 1658.7 23.0 2134.3 29.4 
Water (or D2O) 1627.1 21.6 2183.1 32.7 

 9 

 10 

 11 
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Table 3. FTIR data analysis of CXF-D by curve fit 1 

Solvent C=O C-D 

Peak position 

 cm-1 

FWHM 

 cm-1 

Peak position 

 cm-1 

FWHM  

 cm-1 

Hexane 1682.1 4.9 2125.7 20.8 

Toluene 1672.8 13.1 2130.6 34.7 

Dibutyl ether 1676.5 12.2 2124.9 32.1 

Chloroform 1660.9 18.9 2145.8 21.5 

THF 1670.1 15.3 2125.4 34.1 

DCM 1663.7 16.9 2143.4 29.7 

Cyclohexanone 1664.6 12.9 2131.1 40.4 

Acetone 1665.3 18.1 2134.9 39.5 

Acetonitrile 1663.1 18.4 2141.7 31.6 

Dimethyl formamide - - 2134.3 40.3 

DMSO 1657.7 23.8 2136.0 43.6 

Water (or D2O) 1626.7 22.1 2182.4 34.6 

Methanol (non-HB) 1653.0 27.3 2153.1 33.5 

Methanol (HB) 1630.7 26.2 2169.8 37.4 

Ethanol (non-HB) 1655.2 21.9 2148.0 27.7 

Ethanol (HB) 1637.1 26.3 2163.0 30.5 

 2 
 3 

Table 4. FTIR data analysis of methyl formate-D  4 

solvent C=O C-D 

Peak position 

 cm-1 

FWHM 

 cm-1 

Peak position 

 cm-1 

FWHM 

 cm-1 

hexane 1702.9 11.2 2209.5 15.0 

toluene 1696.8 8.9 2211.6 15.7 

dibutyl ether 1700.0 11.9 2210.2 18.5 

chloroform 1693.8 11.8 2216.6 13.2 

THF 1694.3 11.6 2216.0 19.6 

DCM 1693.9 9.1 2216.8 14.2 

cyclohexanone - - 2217.4 20.0 

acetone 1693.2 10.0 2220.0 18.1 

acetonitrile 1694.0 9.3 - - 

dimethyl formamide - - 2219.4 43.6 

DMSO 1685.8 13.7 2219.4 17.6 

Water (or D2O) 1683.5 20.1 2233.0 16.8 
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Table 5. FTIR data analysis of methyl formate-D by curve fit 1 

solvent C=O C-D 

Peak position 

 cm-1 

FWHM 

 cm-1 

Peak position 

 cm-1 

FWHM 

 cm-1 

hexane 1703.1 13.5 2209.6 18.6 

toluene 1696.8 9.4 2211.9 19.1 

dibutyl ether 1699.5 12.6 2211.0 23.2 

chloroform 1693.2 11.9 2216.6 16.7 

THF 1694.2 13.5 2216.2 24.7 

DCM 1693.8 9.3 2216.7 17.0 

cyclohexanone - - 2217.2 26.6 

acetone 1692.4 9.8 2220.1 22.6 

acetonitrile 1694.0 9.7 - - 

dimethyl formamide - - 2219.6 24.5 

DMSO 1686.0 14.1 2219.6 21.4 

Water (or D2O) 1683.0 20.6 2233.5 22.6 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 
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Table 6. Solvent electric fields projected on the C=O and C-D in CXF-D computed using the 1 
SPADE QM partitioning method, solute-solvent configurations sampled from fixed-charge MD, 2 
and the averages of atomic electric field projections on each bond. 3 

Solvent C=O C-D 

Average 
solvent 

electric field 

 (MV/cm) 

Standard 
deviation 
(MV/cm) 

Standard 
error 

(MV/cm) 

Average solvent electric 
field  (MV/cm) 

Standard 
deviation  
(MV/cm) 

Standard 
error 

(MV/cm) 

Hexane -11.30 3.73 0.373 +3.18 3.43 0.343 

Toluene -35.68 8.45 0.845 +15.30 10.29 1.029 

Dibutyl ether -32.57 8.61 0.861 +15.96 13.33 1.333 

Chloroform -59.82 16.82 1.683 +21.96 9.40 0.94 

THF -43.96 10.44 1.044 +19.66 16.84 1.684 

DCM -52.98 12.96 1.296 +22.06 11.80 1.18 

Cyclohexanone -45.54 13.51 1.351 +24.06 17.32 1.732 

Acetone -51.30 12.37 1.237 +26.20 15.91 1.591 

Acetonitrile -58.11 13.91 1.391 +29.87 15.65 1.565 

DMF -55.26 15.88 1.588 +26.99 20.20 2.02 

DMSO -62.25 14.25 1.425 +29.73 20.67 2.067 

Water -148.63 33.68 3.368 +56.11 24.84 2.484 

Methanol  
(non-HB) 

-67.22 20.76 2.68 +24.14 15.69 2.026 

Methanol (HB) -125.31 29.79 2.979 +46.78 18.20 1.82 

Ethanol  
(non-HB) 

-72.14 13.09 1.734 +28.27 14.05 1.861 

Ethanol (HB) -120.06 28.81 2.881 +39.99 18.88 1.888 

 4 

 5 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
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Table 7. Solvent electric fields projected on the C=O and C-D in CXF-D computed using the 1 
SPADE QM partitioning method, solute-solvent configurations sampled from AMOEBA 2 
polarizable MD, and the averages of atomic electric field projections on each bond. 3 
 4 

Solvent C=O C-D 

Average 
solvent electric 

field  

 (MV/cm) 

Standard 
deviation  
(MV/cm) 

Standard 
error 

(MV/cm) 

Average 
solvent electric 

field  

 (MV/cm) 

Standard 
deviation  
(MV/cm) 

Standard 
error 

(MV/cm) 

Hexane -17.20 6.25 0.625 +3.43 3.6 0.36 

Toluene -37.40 9.97 0.997 +14.70 12.47 1.247 

Dibutyl ether -30.58 9.13 0.913 +6.20 7.67 0.767 

THF -45.91 12.74 1.274 +15.01 18.29 1.829 

Acetonitrile -62.34 16.58 1.658 +31.39 19.26 1.926 

DMF -60.79 15.37 1.537 +26.20 24.83 2.483 

DMSO -66.14 15.92 1.592 +30.72 23.32 2.332 

Water -148.45 32.22 3.222 +55.19 25.57 2.557 

 5 
 6 
Table 8. Solvent electric fields projected on the C=O and C-D in CXF-D computed using the 7 
SPADE QM partitioning method, solute-solvent configurations sampled from fixed-charge MD, 8 
and the gradient of electrostatic potential along each bond. 9 

Solvent C=O C-D 

Average solvent 
electric field  

 (MV/cm) 

Standard deviation  
(MV/cm) 

Average solvent 
electric field  

 (MV/cm) 

Standard deviation  
(MV/cm) 

Hexane -10.17 3.37 +0.34 3.48 

Toluene -34.61 8.38 +14.11 9.86 

Dibutyl ether -30.69 8.31 +14.78 12.59 

Chloroform -57.67 16.46 +20.69 9.53 

THF -42.00 10.33 +19.12 16.51 

DCM -51.16 12.62 +21.00 11.63 

Cyclohexanone -43.79 13.32 +23.32 16.80 

Acetone -49.55 12.11 +26.15 15.77 

Acetonitrile -57.14 14.12 +29.94 15.61 

DMF -53.89 15.66 +26.09 19.14 

DMSO -59.80 14.41 +28.65 19.90 

Water -144.01 32.79 +55.26 24.26 

 10 

 11 
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Table 9. Solvent electric fields projected on the C=O and C-D in CXF-D computed using the 1 
SPADE QM partitioning method, solute-solvent configurations sampled from AMOEBA 2 
polarizable MD, and the gradient of electrostatic potential along each bond. 3 

Solvent C=O C-D 

Average solvent 
electric field  

 (MV/cm) 

Standard deviation  
(MV/cm) 

Average solvent 
electric field  

 (MV/cm) 

Standard deviation  
(MV/cm) 

Hexane -15.47 5.70 +1.98 3.49 

Toluene -35.53 9.57 +13.40 12.08 

Dibutyl ether -28.10 8.53 +5.04 7.66 

THF -43.44 12.61 +13.67 17.30 

Acetonitrile -60.70 16.11 +29.69 18.44 

DMF -57.81 15.60 +23.52 23.30 

DMSO -63.43 15.38 +28.27 21.73 

Water -145.26 31.14 +53.26 24.16 

 4 

 5 

Table 10. Solvent electric fields projected on the C=O and C-D in CXF-D computed using the 6 
ALMO QM partitioning method, solute-solvent configurations sampled from fixed-charge MD, 7 
and the averages of atomic electric field projections on each bond. 8 

Solvent C=O C-D 

Average solvent 
electric field  

 (MV/cm) 

Standard deviation  
(MV/cm) 

Average solvent 
electric field  

 (MV/cm) 

Standard deviation  
(MV/cm) 

Hexane -10.24 3.28 +3.63 3.47 

Toluene -34.95 8.08 +18.27 10.40 

Dibutyl ether -31.00 8.29 +19.31 13.70 

Chloroform -57.29 16.20 +24.28 9.56 

THF -42.45 10.42 +22.84 16.82 

DCM -50.68 12.55 +24.47 11.77 

Cyclohexanone -43.87 13.27 +26.94 17.49 

Acetone -49.58 12.00 +29.12 15.99 

Acetonitrile -56.63 13.63 +32.39 15.89 

DMF -53.22 15.34 +30.15 20.25 

DMSO -59.46 14.09 +33.75 20.85 

Water -141.19 31.60 +59.79 24.96 

 9 
 10 
 11 
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Table 11. Solvent electric fields projected on the C=O and C-D in CXF-D computed using the 1 
ALMO QM partitioning method, solute-solvent configurations sampled from AMOEBA 2 
polarizable MD, and the averages of atomic electric field projections on each bond. 3 

Solvent C=O C-D 

Average solvent electric 
field / (MV/cm) 

Standard deviation / 
(MV/cm) 

Average solvent electric 
field / (MV/cm) 

Standard deviation / 
(MV/cm) 

Hexane -14.85 5.34 +5.58 3.97 

Toluene -35.40 9.49 +16.62 12.48 

Dibutyl 
ether 

-28.11 8.25 +9.57 7.50 

THF -41.70 11.79 +17.88 19.36 

Acetonitrile -59.33 15.76 +33.98 19.44 

DMF -56.56 14.65 +30.07 24.78 

DMSO -61.05 16.11 +31.88 22.88 

Water -148.09 30.57 +59.23 25.95 

 4 

 5 

Table 12. Solvent electric fields projected on the C=O and C-D in CXF-D computed via AMOEBA 6 
polarizable MD using the intrinsic parameters of the AMOEBA force field. 7 

Solvent C=O C-D 

Average solvent 
electric field  

 (MV/cm) 

Standard 
deviation  
(MV/cm) 

Standard 
error 

(MV/cm) 

Average solvent 
electric field  

 (MV/cm) 

Standard 
deviation  
(MV/cm) 

Standard 
error 

(MV/cm) 

Hexane -18.00 6.83 0.068 +7.43 5.77 0.058 

Toluene -36.67 10.38 0.1 +15.28 11.55 0.12 

Dibutyl 
ether 

-28.70 8.23 
0.059 

+6.53 11.09 
0.08 

THF -49.11 11.30 0.14 +13.97 19.83 0.24 

Acetonitrile -58.95 14.47 0.14 +28.09 19.60 0.2 

DMF -59.61 13.42 0.13 +27.29 24.30 0.24 

DMSO -68.03 14.86 0.12 +31.07 24.39 0.2 

Water -143.96 27.89 0.28 +57.62 21.66 0.22 

 8 

 9 

 10 
 11 
 12 
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Table 13. Solvent electric fields projected on the C=O and C-D in CXF-D computed via fixed-1 
charge MD using the intrinsic parameters of GAFF. 2 

Solvent C=O C-D 

Average solvent electric 
field  

 (MV/cm) 

Standard deviation  
(MV/cm) 

Average solvent electric 
field  

 (MV/cm) 

Standard deviation  
(MV/cm) 

Hexane -0.22 0.85 +0.25 1.07 

Toluene -25.69 7.83 +16.18 11.92 

Dibutyl ether -18.30 7.55 +10.86 10.59 

Chloroform -44.16 13.22 +21.10 9.03 

THF -31.94 9.51 +20.26 14.55 

DCM -45.72 12.25 +25.57 11.24 

Cyclohexanone -35.30 11.15 +23.22 17.18 

Acetone -43.20 11.08 +27.63 16.76 

Acetonitrile -47.20 11.93 +31.64 16.36 

DMF -45.24 12.41 +28.88 18.01 

DMSO -54.40 12.62 +39.38 19.22 

Water -108.98 21.69 +51.80 17.30 

 3 

 4 

Table 14. Vibrational Stark effect of CXF-D’s C=O and C-D stretch modes revealed by “Stark in 5 
silico” calculations performed in the gas phase. A uniform external electric field was applied 6 
along the bond axis of C=O or C-D, whose vibrational frequency was then calculated at the 7 
B3LYP/6-31+G(d) level using 0.964 as the scaling factor. 8 

Electric Field on 
C=O  

 (MV/cm) 

DFT C=O 
Frequency  

 cm-1 

Electric Field on 
C-D  

 (MV/cm) 

DFT C-D 
Frequency  

 cm-1 

+20 1697.78 +80 2200.57 
0 1687.09 +60 2186.01 

-20 1674.35 +40 2167.96 

-40 1661.00 +20 2146.23 
-60 1647.37 0 2119.92 

-80 1633.55 -20 2090.01 
-100 1619.68   

-120 1605.77   

-140 1592.28   
-160 1578.46   
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Table 15. Electric fields experienced by CXF-D and N-cyclohexylacetamide in water computed 1 
using the SPADE QM partitioning method, solute-solvent configurations sampled from fixed-2 
charge MD, and the averages of atomic electric field projections on each bond. 3 

Structure Compound name C=O C-D/C-C 

Average 
water field  
(MV/cm) 

STDEV  
(MV/cm) 

Average 
water field  
(MV/cm) 

STDEV  
(MV/cm) 

 

N-[formyl-
2H]cyclohexylformamide 

-148.63 33.68 +56.11 24.84 

 

N-cyclohexyl acetamide -147.36 41.20 +44.35 21.10 

 4 
 5 
 6 
 7 
 8 
 9 
Table 16. Vibrational frequencies of the C=O and C-D stretches in CXF-D in solvents computed 10 
at the B3LYP/6-31+G(d)/C-PCM level of theory using 0.964 as the scaling factor. 11 

Solvent Dielectric constant C=O frequency  

 cm-1 

C-D frequency  

 cm-1 

Hexane 1.88 1656.05 2137.03 

Toluene 2.37 1647.08 2141.68 

Dibutyl ether 3.05 1638.82 2145.93 

Chloroform 4.71 1638.82 2145.93 

THF 7.43 1619.85 2155.54 

DCM 8.82 1617.59 2156.68 

Cyclohexanone 15.62 1612.21 2159.35 

Acetone 20.49 1610.51 2160.20 

Acetonitrile 37.50 1607.98 2161.46 

DMF 37.22 1608.01 2161.44 

DMSO 46.83 1607.37 2161.76 

Water 78.40 1606.38 2162.26 

 12 

 13 

N C
O
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Table 17. FTIR of the C=O of acetyl chloride 1 

Solvent Peak position  

 cm-1 

FWHM  

 cm-1 

Curve fit  

 cm-1 

FWHM  

 cm-1 

Hexane 1809.2 10.6 1809.2 10.9 

THF 1809.0 14.8 1808.8 15.3 

Acetonitrile 1807.0 17.4 1807.1 18.2 

 2 
 3 
Table 18. Vibrational Stark effect of acetyl chloride’s C=O stretch mode revealed by “Stark in 4 
silico” calculations performed in the gas phase. A uniform external electric field was applied 5 
along the bond axis of C=O, whose vibrational frequency was then calculated at the B3LYP/6-6 
31+G(d) level using 0.964 as the scaling factor. 7 

Electric Field on 
C=O  

 (MV/cm) 

DFT C=O 
Frequency  

 cm-1 

+20 1841.47 
0 1820.71 

-20 1799.77 

-40 1778.71 
-60 1757.25 

-80 1735.27 
-100 1712.65 

 8 

 9 

Table 19. FTIR of CXF-D (C=O) in wild-type LADH (backgrounded by N-[formyl-13C]-10 
cyclohexylformamide, denoted as 13C-CXF) and D2O 11 

 CXF-D 13C-CXF 

Peak picking Curve fit Peak picking Curve fit 

Peak position  
cm-1 

FWHM  
cm-1 

Peak position  
cm-1 

FWHM  
cm-1 

Peak position  
cm-1 

FWHM  
cm-1 

Peak position  
cm-1 

FWHM  
cm-1 

WTa 1618.4 ± 0.1 5.0 ± 0.2 1618.7 ± 0.1 5.3 ± 0.2 1592.6 ± 0.1 13.7 ± 0.1 1592.3 ± 0.1 11.0 ± 0.4 

D2O 1627.1 20.9 1626.5 22.1 1605.2 21.1 1604.8 21.7 
a  Values and errors are the mean and standard deviation over multiple repeats 12 

 13 
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Table 20. FTIR of CXF-D (C-D) in wild-type LADH and H2O 1 

 Peak picking Curve fit 

 Peak position  

 cm-1 

FWHM  

 cm-1 

Peak position  

 cm-1 

FWHM  

 cm-1 

WTa 2218.3 ± 0.1 12.4 ± 0.3 2218.3 ± 0.3 13.4 ± 0.6 

H2O 2182.2 32.3 2182.8 34.0 

Hexane 2127.9 5.3 2125.7 20.8 
a  Values and errors are the mean and standard deviation over multiple repeats. 2 

 3 
Table 21. Solvent electric fields projected on the C=O and C-D in CXF-D (averaged over 100 4 
frames) calculated using the SPADE QM partitioning approach with two different cutoff radii 5 
(7Å and 8Å) for the generation of truncated solute-solvent clusters from fixed-charge MD 6 
trajectories. 7 

Solvent Cutoff 
radii 

C=O C-D 
Average solvent 

electric field  

(MV/cm) 

Standard deviation 
(MV/cm) 

Average solvent 
electric field  

(MV/cm) 

Standard deviation 
(MV/cm) 

Hexane 
7Å -11.30 3.73 +1.44 3.43 

8Å -11.55 3.74 +1.58 3.46 

Toluene 
7Å -35.69 8.45 +15.30 10.29 

8Å -35.96 8.18 +15.50 10.21 

DMSO 
7Å -62.25 14.25 +29.73 20.67 

8Å -63.70 13.20 +31.37 21.27 

Water 
7Å -145.05 32.82 +52.54 23.44 

8Å -146.64 32.64 +54.40 22.87 

 8 

Table 22. Vibrational frequencies of acetyl chloride’s C=O stretch mode in solvents computed 9 
at the B3LYP/6-31+G(d)/C-PCM level of theory using 0.964 as the scaling factor. 10 

Solvent Dielectric constant C=O frequency  
 cm-1 

Hexane 1.88 1806.6 

THF 7.43 1790.8 

Acetonitrile 37.50 1785.8 

 11 
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Table 23. Solvent electric fields projected on the C=O and C-Cl in acetyl chloride computed using 1 
the SPADE QM partitioning method, solute-solvent configurations sampled from fixed-charge 2 
MD, and the averages of atomic electric field projections on each bond. 3 

Solvent C=O C-Cl 

Average electric field  
(MV/cm) 

Standard deviation 
(MV/cm) 

Average electric field  
(MV/cm) 

Standard deviation 
(MV/cm) 

Hexane -7.91 3.51 -1.63 2.3 

THF -24.97 8.42 -6.90 7.19 

Acetonitrile -33.43 12.96 -5.83 10.47 

 4 

Table 24. Solvent electric fields projected on the C=O and C-Cl in acetyl chloride computed using 5 
the SPADE QM partitioning method, solute-solvent configurations sampled from AMOEBA 6 
polarizable MD, and the averages of atomic electric field projections on each bond. 7 

Solvent C=O C-Cl 

Average electric field  
(MV/cm) 

Standard deviation 
(MV/cm) 

Average electric field  
(MV/cm) 

Standard deviation 
(MV/cm) 

Hexane -10.40 4.48 -2.64 2.58 

THF -23.47 12.43 -10.82 10.33 

Acetonitrile -31.36 14.60 -9.73 13.40 

 8 

Table 25. Solvent electric fields projected on the C=O and C-Cl in acetyl chloride calculated via 9 
AMOEBA polarizable MD simulations using the intrinsic parameters of the AMOEBA force field.  10 

Solvent C=O C-Cl 

Average electric field  
(MV/cm) 

Standard deviation 
(MV/cm) 

Average electric field  
(MV/cm) 

Standard deviation 
(MV/cm) 

Hexane -8.82 4.99 -2.69 3.6 

THF -21.04 10.16 -10.96 11.21 

Acetonitrile -27.88 12.70 -8.53 12.63 

 11 

Table 26. Solvent electric fields projected on the C=O and C-Cl in acetyl chloride calculated via 12 
fixed-charge MD simulations using the intrinsic parameters of the GAFF force field. 13 

Solvent C=O C-Cl 

Average electric field  
(MV/cm) 

Standard deviation 
(MV/cm) 

Average electric field  
(MV/cm) 

Standard deviation 
(MV/cm) 

Hexane -0.060 0.79 +0.030 0.68 

THF -19.48 8.94 -3.57 8.57 

Acetonitrile -29.89 11.37 -3.14 10.22 

 14 
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Table 27. Assignment of atomic charges to the aldehyde moiety of CXF-D based on several 1 
charge population analysis schemes based on QM calculations at the B3LYP/6-31+G(d) level. 2 

Scheme C D O 

Mulliken +0.328 +0.143 -0.480 

Iterative Hirshfeld +0.445 +0.053 -0.504 

ChELPG +0.557 +0.008 -0.570 

Merz-Kollman ESP +0.569 +0.021 -0.569 

CM5 +0.150 +0.121 -0.352 

 3 

Table 28. FTIR of isotope-labeled cyclohexylformamide compounds. 4 

Compound Peak picking Curve fit 

Peak position  

 cm-1 

FWHM  

 cm-1 

Peak position  

 cm-1 

FWHM  

 cm-1 

N-cylclohexylformaide 1645.4 21.0 1645.0 21.8 

N-[formyl-2H]-cyclohexylformamide (CXF-D) 1627.1 20.9 1626.5 22.1 

N-[formyl-13C]-cyclohexylformamide (13C-CXF) 1605.2 21.1 1604.8 21.7 

 5 

 6 

Table 29. X-ray diffraction data collection and refinement statisticsa 7 

Protein Wild type LADH complexed with NADH and CXF 

PDB entry 7RM6 

Data collection statistics 

Beamline BL 12-2 

Wavelength (Å) 0.979 

Resolution range (Å) 37.94 – 1.43 

(1.48 – 1.43) 

Space group P1 

Unit cell dimensions 

a, b, c, (Å) 

a, b, g (°) 

 

44.14, 50.98, 92.86 

92.41, 103.03, 108.94 

Matthews coefficient 2.25 

Solvent content (%) 45.40 

Total observations 932,809 (43,206) 
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Unique observations 119,395 (5,789) 

Multiplicity 7.8 (7.5) 

Completeness (%) 87.2(85.5) 

Mean I/s(I) 19.7 (2.22) 

Wilson B-factor (Å2) 15.5 

Anisotropy 0.736 

Rmerge 0.050 (1.522) 

Rmeas 0.058 (1.771) 

Rpim 0.029 (0.901) 

CC1/2 0.999 (0.754) 

Refinement statistics 

Reflections used 117,399 (11,104) 

Reflections used for Rfree 5,869 (555) 

Rwork 0.190 (0.441) 

Rfree 0.208 (0.458) 

Number of non-H atoms 

Protein 
Ligand 

Solvent 

6466 

5579 
110 

777 

Protein residues 756 

RMSD bond lengths (Å) 0.030 

RMSD bond angles (°) 1.81 

Ramachandran favored (%) 96.77 

Ramachandran allowed (%) 3.23 

Ramachandran outliers (%) 0.00 

Rotamer outliers (%) 1.94 

Clashscore 3.22 

Average B factor (Å2) 

Protein 
Ligand 

Solvent 

28.56 

27.41 
22.78 

37.63 
aStatistics for the highest-resolution shell are shown in parentheses. 1 

 2 

 3 
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Table 30. Vibrational Stark effects of CXF-D’s C=O and C-D stretch modes investigated using 1 
“Stark in silico” calculations performed in vacuum and two solvents (2-MeTHF and 2 
D2O:glycer(ol-D3) mixture (v/v = 1:1)) described by the C-PCM model. The vibrational 3 
frequencies were calculated at the B3LYP/6-31+G(d) level and then scaled by 0.964, and the 4 
values of |∆𝝁𝐂𝐎|  and |∆𝝁𝐂𝐃|  were determined using the frequencies calculated with the 5 
electric field on and off. The local field factors were estimated as the ratio of the Stark tuning 6 
rate in solvent to that in vacuum.  7 

 Vacuum 
2-MeTHF  

(𝜺 = 6.97)	
D2O:glycer(ol-D3) (v/v = 1:1) 

(𝜺 = 62.0) 

𝝂𝐂𝐎 (𝑭𝐂𝐎 = 𝟎) 

cm-1 
1687.1 1620.9 1606.9 

𝝂𝐂𝐎(𝑭𝐂𝐎 = −𝟐𝟎 MV/cm) 

cm-1 
1674.4 1601.7 1586.7 

|∆𝝁𝐂𝐎| 
cm-1/(MV/cm) 

0.64 0.96 1.01a 

Estimated 𝒇𝐂𝐎 1.00 1.50 1.58 

 

𝝂𝐂𝐃 (𝑭𝐂𝐃 = 𝟎) 

cm-1 
2119.9 2155.3 2162.4 

𝝂𝐂𝐃(𝑭𝐂𝐃 = −𝟐𝟎 MV/cm) 

cm-1 
2146.2 2179.8 2186.3 

|∆𝝁𝐂𝐃| 
cm-1/(MV/cm) 

1.32 1.22b 1.20 

Estimated 𝒇𝐂𝐃 1.00 0.93 0.91 
a Experimental value measured in the D2O/glycer(ol-D3) mixture (v/v = 1:1): 1.13 cm-1/(MV/cm) 8 
b Experimental value measured in 2-MeTHF: 1.32 cm-1/(MV/cm) 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
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Table 31. Fermi resonance analysis for the C-D vibration of CXF-D. 1 
Solvent 𝜈(a / cm-1 𝜈) / cm-1 D / cm-1 R W / cm-1 

Hexane 2125.7 2102.1 23.6 2.2 10.9 

Toluene 2130.6 2101.2 29.4 12.6 7.7 

Dibutyl Ether 2124.9 2100.8 24.1 5.7 8.6 

Chloroform 2145.8 2103.6 42.2 29.8 7.5 

THF 2127.0 2100.7 26.3 8.7 8.0 

DCM 2143.5 2105.7 37.8 12.6 9.8 

Cyclohexanone 2131.1 2101.2 29.9 6.2 10.4 

Acetone 2134.9 2103.5 31.4 6.9 10.5 

Acetonitrile 2144.1 2106.1 38.0 6.6 12.8 

Dimethyl 
Formamide 2134.3 2101.6 32.7 4.1 13.0 

DMSO 2136.9 2103.8 33.1 17.1 7.5 
a𝜈$ refers to the perturbed frequency of C-D vibration and 𝜈% refers to the perturbed frequency of the combination/overtone 2 
mode that is in Fermi resonance with C-D. 3 
 4 
 5 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
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