
Published: June 18, 2011

r 2011 American Chemical Society 9473 dx.doi.org/10.1021/jp2045383 | J. Phys. Chem. B 2011, 115, 9473–9490

ARTICLE

pubs.acs.org/JPCB

Permanent Electric Dipole Moments of Carboxyamides in Condensed
Media: What Are the Limitations of Theory and Experiment?
Srigokul Upadhyayula,†,‡,§ Duoduo Bao,†,‡ Brent Millare,†,# Somaia S. Sylvia,^ K. M. Masum Habib,^
Khalid Ashraf,^,r Amy Ferreira,†,[ Stephen Bishop,† Robert Bonderer,† Samih Baqai,† Xiaoye Jing,||
Miroslav Penchev,^Mihrimah Ozkan,^,* Cengiz S. Ozkan,||,* Roger K. Lake,||,* and Valentine I. Vullev†,‡,§,O,*
†Department of Bioengineering, ‡Center for Bioengineering Research, §Department of Biochemistry, ^Department of Electrical
Engineering, )Department of Mechanical Engineering, andODepartment of Chemistry, University of California, Riverside,
California 92521, United States

’ INTRODUCTION

This article describes a comparative study of the ground-state
electric dipole moments of six aliphatic carboxyamides (Scheme 1).
From experimentally obtained values for the molar polarizations,
extrapolated to infinite dilutions, we estimated the permanent
electric dipoles of the amides for different solvent media. Con-
currently, we determined the amide dipoles theoretically using ab
initio calculations for vacuum and for condensed media. For
chloroform, the independently obtained experimental and the-
oretical results manifested identical solvent effect on the amide
dipoles. For other solvents, however, we observed discrepancy
between theory and experiment, which pointed to certain
limitations of the used theoretical and experimental approaches.

As vital components of life, proteins have a broad spectrum of
functional capacities. Proteins not only provide structural support1,2

but also drive mechanical movements.3!5 Proteins mediate active
and passive transport,6!8 as well as signaling,9!11 and they act as
enzymatic entities.12!15 In addition to the three-dimensional
structures, the electrostatic properties of proteins define their
reactivity and govern their structure!function relations.16,17 Local
electric fields within the protein environment alter the pKa values of
ionizable functional groups18 and enable binding selectivity for
different types of substrates and for other proteins.19

Peptide bonds, which are essentially R-carboxyamides be-
tween amino acid residues, are the most essential linkages in

proteins. In addition to their role as structural building blocks,
peptide bonds contribute significantly to the protein electro-
statics. Indeed, amides are small polar groups with permanent
electric dipoles exceeding ∼3 D.20,21

A polypeptide R-helix, for example, supported by a network of
hydrogen bonds, is a template for amide bonds with an ordered
orientation. The codirectionally oriented amide dipoles, along
with the shift in the electron density upon the creation of the
hydrogen bonds, generate substantial permanent electric dipole
moments for this class of protein conformers; i.e., protein R-
helices possess dipole moments amounting to 3!5 D per
residue.22,23 Such electrostatic properties, however, are not

Scheme 1. Amides with Various Extents of Ethylation

Received: February 20, 2011
Revised: June 16, 2011

ABSTRACT: Electrostatic properties of proteins are crucial for
their functionality. Carboxyamides are small polar groups that, as
peptide bonds, are principal structural components of proteins
that govern their electrostatic properties. We investigated the
medium dependence of the molar polarization and of the
permanent dipole moments of amides with different state of
alkylation. The experimentally measured and theoretically cal-
culated dipole moments manifested a solvent dependence that
increased with the increase in themedia polarity.We ascribed the
observed enhancement of the amide polarization to the reaction
fields in the solvated cavities. Chloroform, for example, caused
about a 25% increase in the amide dipole moments determined
for vacuum, as the experimental and theoretical results demon-
strated. Another chlorinated solvent, 1,1,2,2-tetrachloroethane, however, caused an “abnormal” increase in the experimentally
measured amide dipoles, which the theoretical approaches we used could not readily quantify.We showed and discussed alternatives
for addressing such discrepancies between theory and experiment.
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unique solely for protein R-helices. Protein 310-helices possess
permanent dipole moments of similar magnitude.24 (310-helices
can be viewed as “tightly wound” R-helices. In fact, R-helices are
3.613-helices with 3.6 residues per turn and 13-bond loops
constrained between every two neighboring hydrogen bonds.25)
Although polyprolines cannot form intramolecular hydrogen
bond, the ordered orientation of peptide bonds in polyproline
type I and type II helices also results in considerable permanent
electric dipoles that are oppositely oriented for these two types of
conformers.24

Nature employs such protein electrets for a range of vital
functions. (Electrets are materials with ordered electric dipole
moments: i.e., they are the electrostatic analogues ofmagnets.26,27)
The electric field generated by helix dipoles drives protein binding
of charged species,28 and facilitates the charge-selectivity of ion
channels.29,30 In the vicinity of polypeptide helices, the dipole
electric fields rectify the directionality of electron transfer.24,31,32

Employing oriented amide arrangements in synthetic oligomers
allowed for the design of bioinspired electrets.33,34 Overall, as
principal linkers in biological and synthetic polymers,35!41 the
amides and the amide dipoles define the electrostatic properties of
macromolecules and govern their functionality.

From readily measurable dielectric quantities, the Debye
relation allows for an experimental estimation of the magnitudes
of permanent electric dipole moments, μ, of polar molecules:42

μ2 ¼ 9ε0kBT
NA

Pð0Þ2μ ð1Þ

Here P2 μ
(0) is the molar polarization resultant from the field-

induced orientation of the molecular dipoles, T is the tempera-
ture (in K), and the rest of the quantities are well-known physical
constants, i.e., ε0, the dielectric permittivity of vacuum, kB, the
Boltzmann constant, and NA, Avogadro’s number.

In order to extract intramolecular characteristics from bulk
quantities of a solute, the intermolecular interactions in the
samples have to be negligible. Hence, gas-phase measurements
taken under low-pressure conditions provide the ideal experi-
mental source for estimating molar polarizations for dipole-
moment calculations.43!47 Such experimental requirements,
however, present challenges and are implausible for a broad range
of molecular species of biological and chemical importance.

As an alternative to gas-phase settings, dielectric and density
measurements of binary liquid solutions offer the means for
estimating molar polarizations.48,49 Using nonpolar solvents as
major components of such binary solutions provides the means
for close to gas-phase microenvironment for the molecular
species of interests (which are introduced as the minor compo-
nents of the binary systems).

To further avoid intermolecular interactions, such as aggrega-
tion, the molar polarizations are extracted from diluted solutions.
Such dilutions of the analyte, however, decrease the signal-to-
noise ratios and places demands on the precisions of the
measurements. Extrapolation to infinite dilutions, developed
initially by Hedestrand50 and consequently by Halverstadt and
Kumler,51 provides the means for accessing bulk quantities that
reliably characterize intramolecular properties.52

The extrapolation of dielectric and density characteristics to
zero-solute concentrations yields the total molar polarization,
P2
(0). The pronounced difference between the time scales of the

various modes of polarization allows for an approximation of the
total molar polarization, P2

(0), as an additive quantity of the

orientation or dipole, P2 μ
(0) , vibrational or atomic, P2ν

(0), and
electronic, P2e

(0), molar polarizations:

Pð0Þ2 ¼ Pð0Þ2μ + Pð0Þ2ν + Pð0Þ2e ð2Þ

Assuming that P2 μ
(0) is the principal component of P2

(0) and that
P2ν
(0) and P2e

(0) are solely correction terms permits the use of the
values of the total polarization as an approximation for the
orientation polarization. Implementing such an approximation,
i.e.,P2 μ

(0)≈P2
(0), for dipole-moment calculations fromexperimental

measurements (eq 1), has proven quite acceptable, especially
when the solute dipoles are considerably larger than the solvent
dipoles.48,51 Alternatively, the polarizability of the solute, obtained
from its refractivity at off-resonance excitation with visible light,
can account for its molar electronic polarization.48,50 Therefore,
high-frequency excitation allows for an estimation of the fast-
response electronic polarization, while low-frequency excitation
yields the cumulative effect of the total polarization. Decoupling
the estimation of the vibrational from the orientation polarization,
however, is still an experimental challenge.

Despite a strong preference for nonpolar solvents that do not
exhibit specific interactions with the analyte molecules, the use of
nonpolar media presents significant experimental drawbacks,
such as limited solubility. Furthermore, idealized gas-phase
conditions (or condensed-phase conditions that imitate gas
phase) are not truly representative of a condensed-phase
environment—important, for example, for biological and ma-
terials systems.53 Accounting for media polarization is essential
for analyzing the effects of the microenvironment on ions and
dipoles in proteins and other biological systems.53

While an increase in the solvent polarity may address the above
issues, it introduces effects due to electrostatic solute!solvent
interactions that can be prevalent even in the absence of specific
intermolecular bonding.54 Polar and/or polarizable solvent mol-
ecules, when surrounding a polar solute molecule, react to the
electric field from the permanent electric dipole of the solute. As a
result, the ordered solvent molecules produce a reaction field in
the solvated cavity, enhancing the dipole moment of the solute.55

By accounting for the reaction field in a cavity of a solvated polar
molecule, Onsager theory has provided an excellent foundation
for relating molecular dipoles to bulk dielectric properties of
continuous media.55 As Onsager has pointed out, his theory
operates on certain assumptions which undermine its applicability,
such as the following: (1) the assumption of spherical molecular
shapes; (2) the assumption of incompressibility, i.e., the sumof the
molecular volumes equals to the total sample volume; and (3) the
assumption of weak short-distance intermolecular interactions, i.e.,
short-distance interaction energies do not exceed kBT. Despite
these shortcomings, further developments of Onsager theory for
nonspherically shaped molecules in nonpolar media,56,57 hydro-
gen-bonding environments,58 and approximations for polar binary
solutions59 have proven promising for the analysis of experimental
results.

Herein, we experimentally estimated the electric dipole mo-
ments of six amides (Scheme 1) from zero-concentration extra-
polations for three solvents with different polarities: 1,4-dioxane
(DO), chloroform (CHCl3), and 1,1,2,2-tetrachloroethane
(TCE). The solvent effects on the estimated dipole moments
correlated with dielectric properties of the media. Using density
functional theory (DFT), we also theoretically obtained the
dipole moments of the same amides for vacuum and for five
solvents: DO, CHCl3, and dimethyl sulfoxide (DMSO), as well
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as tetrachloroethene (C2Cl4), which has similar polarizability
to that of TCE, and dichloromethane (CH2Cl2), which has
similar static dielectric permittivity to that of TCE. The effects
of the condensed media on the ab initio calculations were
introduced as cavity reaction fields, based on Onsager solva-
tion theory. Similar to the experimental result, the theoretically
obtained dipole moments increased with the increase in the
media polarity. The values of the vacuum theoretical dipole
moments showed some similarity with the experimentally
obtained dipoles for DO, which is relatively nonpolar. The
theoretically and the experimentally obtained dipole values for
chloroform, conversely, were in an excellent agreement, which
demonstrates the role of the reaction field in modulating the
electronic properties of polar moieties in condensed media.
The effect of the most polar solvents on the ab initio computed
dipoles, however, were not as pronounced as the experimen-
tally obtained dipoles for TCE (i.e., the most polar solvent we
used for the experimental aspects of this study). To elucidate
this discrepancy, we reviewed the limitations of the experi-
mental and the theoretical approaches used for estimations of
permanent molecular dipoles.

’RESULTS AND DISCUSSION

Polarization, Polarizability, and Permanent Dipoles. How
do measurable bulk dielectric properties depend on the electro-
nic characteristics of the composing molecules? Media polariza-
tion, P, under external electric field, E, involves orientation of
permanent molecular dipoles, μi, and induced displacement of
electron density and nuclei as characterized by molecular polar-
izability, Ri.

60 Therefore, the electric field that each molecule
experiences within a solvation cavity in a media with dielectric
constant, ε, comprises two principal components: (1) internal
field, E(i), that polarizes the molecule and (2) the directing field,
E(d), that exerts force to turn the molecule and align the
molecular dipole.60 Similarly, the polarization in the presence
of external field has two components: (1) induced polarization,
PR, that encompasses the vibrational and electronic polarization,
PR = Pν + Pe, and (2) orientation polarization, Pμ.

60 For ideal
solutions composed of H different types of molecules, these
polarization components are60

PR ¼ 4πε0 ∑
H

i¼ 1
NiRiE

ðiÞ
i ð3aÞ

Pμ ¼ ∑
H

i¼ 1
Ni

μi
2

3kBT
EðdÞ
i ð3bÞ

The relation between the total polarization and the applied
electric field, P = ε0(ε ! 1)E, yields:60

ðε! 1ÞE ¼ ∑
H

i¼ 1
Ni 4πRiE

ðiÞ
i +

μi
2

3ε0kBT
EðdÞ
i

 !

ð3cÞ

where Ni is the molecular density (i.e., number of molecules per
unit volume) for the ith type of molecules. Considering the
reaction field from the solvating media, which allows for relating
Ei
(i) with Ei

(d) and with the applied external electric field, E,
transforms eq 3c into the various forms of theOnsager equation.55

Alternatively, approximating the internal and the directing
field to the Lorentz’s field, EL, for an interior of a spherical cavity
exposed to external field, E, i.e., Ei

(i) ≈ Ei
(d) ≈ EL = E(ε + 2)/3,

simplifies eq a to the Debye equation:42,55,60

ε! 1
ε + 2

¼ ∑
H

i¼ 1
Ni

4π
3

Ri +
μi

2

9ε0kBT

 !

ð4aÞ

which for pure liquid transforms into

P ¼ NA
4π
3

R +
μ2

9ε0kBT

 !

¼ PR + Pμ ð4bÞ

The additivity of molar polarization, i.e., P = ΣiχiPi, where χi is
the mole fraction of the ith component of a mixture, allows for
converting the Debye equation into eq 1. For binary isotropic
solutions, H = 2, therefore, in which the dipole of one of the
components is considerably larger than the dipole of the other
component, μ2

2. μ1
2 (that is equivalent to N2μ2

2. N1μ1
2 for

comparable concentrationsN1 andN2), the predominant term in
eq 4a that governs the orientation molar polarization is μ2

2/
3ε0kBT, permitting one to ignore the term with μ1 for the less
polar compound. Extrapolation to infinite dilutions of the more
polar component of such a binary mixture and using P2μ

(0) instead
of P2 μ allow for approaching idealized conditions, for which the
Debye theory is applicable, as depicted in eq 1.
Apparently, at infinite dilution, χ2 f 0, the inequality condi-

tion, N2μ2
2 . N1μ1

2, cannot hold because limχ2f0 (N2) = 0.
Conversely, the inequality N2μ2

2 . N1μ1
2 needs to be valid

under the conditions of the experimental measurements of the
dielectric properties of the binary mixtures. The extrapolation to
zero concentration allows for the following approximations for
the dielectric and density properties of the binary solutions:
limχ2f0 (ε) = ε1, limχ2f0 (F) = F1, limχ2f0 (χ1) = 1, and limχ2f0
(P2) = P1

(0).50 Therefore, P2
(0) and P2 are not identical: P2

(0)

encompasses the solvent effects of the measurements as this
study reveals for the dipole moments of the aliphatic amides.
Another important consideration involves the unfeasibility to

carry any of the measurements at close-to-equal concentrations
of the two components of the binary mixtures. At N1 ≈ N2 in
condensed phase, the interactions between the molecules of the
polar component make it prohibitively unfeasible to apply the
Debye theory. Therefore, experimental studies are usually con-
ducted atN1.N2, which allows validity ofN2μ2

2.N1μ1
2 only

if the molecules of the solvent (the predominant component)
have no or negligible permanent electric dipole moment, i.e., μ1
≈ 0. Nevertheless, a number of examples of reliable estimation of
the dipole moments of small polar molecules from dilute
solutions in solvents with permanent dipoles, such as toluene
(μ1 = 0.36 D), 1,4-dioxane (μ1 = 0.45 D), and acetone (μ1 = 2.9
D),48 illustrate that eq 1 is applicable to cases of N1 . N2 and
μ1 > 0. That is, the extrapolations to zero concentrations, χ2f 0,
from diluted solutions yield P2

(0) values that are representative of
the extrapolations from concentrated binary solutions with
assumingly idealized no intermolecular interactions between
their polar components.
Strictly speaking, polarization represents dipole density, i.e.,

number of dipoles per unit volume aligned or induced by the
applied field. As such a quantity, therefore, P has the dimensions
of charge time distance over volume, or charge over area, as
depicted in eqs 3a and 3b. Similarly, polarizability represents the
dipole induced in a molecule by the field, and its dimensions
should be dipole over field strength, or dipole time distance over
potential. As most frequently written in different forms of the
Debye equation, the polarizability, R, has dimensions of μ2/kBT,
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which, indeed, has the units of dipole time distance over
potential. Conventionally, however, polarizability is expressed
in units of volume and the molar polarization, P, in units of
volume per mole, as depicted in eqs 1 and 4b.
The Lorentz!Lorenz equation (i.e., a Clausius!Mossetti

expression involving the dynamic dielectric constants) relates
the bulk dielectric properties of a substance with the polariz-
ability of its molecules with radii, r:

Ri ¼
εiðωRÞ ! 1
εiðωRÞ + 2

ri3 ¼ 3
4π

ðεiðωRÞ ! 1Þ
ðεiðωRÞ + 2Þ

vi ð5aÞ

Pð0ÞiR ¼ ðεiðωRÞ ! 1Þ
ðεiðωRÞ + 2Þ

Mi

Fi
¼ 4π

3
NARi ð5bÞ

where, for samples composed of molecular species i, vi is the
molecular volume, assuming spherical shape, Mi is the molecular
weight, Fi is the density, and εi(ωR) is the dynamic dielectric
constant measured at frequency, ωR. (eq 5b represents the
transformation from 4a to 4b.) The field polarization frequency,
ωR, is high enough so that the molecular permanent dipoles
remain stationary (i.e., the molecules cannot turn fast enough to
reorient their dipoles along the oscillating electric field), yet ωR is
low enough so that the electron density and nuclei of themolecules
can reorganize in phase with the oscillating field. That is, εi(ωR)
represents the dielectric properties under condition where the
orientation polarization is negligible and the total polarization is
governed by its vibrational and electronic components.
Experimental determination of εi(ωR) at such intermediate

frequencies, however, is somewhat challenging. Most frequently,
the experimental polarizabilities are estimated from dynamic

dielectric properties recorded at optical frequencies where only
the electronic polarization is prevalent:

Rie ¼
3
4π

ðni2 ! 1Þ
ðni2 + 2Þ

Mi

FiNA
ð6aÞ

Pð0Þie ¼ ðni2 ! 1Þ
ðni2 + 2Þ

Mi

Fi
ð6bÞ

where ni is the index of refraction of molecular species i, recorded
at off-resonance optical frequency, ωe, i.e., for nonmagnetic
compounds, ni

2 = εi(ωe).
In general, the electronic polarization is the prevalent compo-

nent of the induced polarization, i.e., usually εi(ωR)≈ 1.05εi(ωe).
Therefore, eqs 6a and 6b provide a reasonable approximation of
eqs 5a and 5b for estimation of the induced polarization and
polarizability from experimentally readily measurable quanti-
ties.
Theoretical Dipole Moments of Amides. For this study, we

selected six aliphatic amides with different extent of alkylation
(Scheme 1), i.e., with a hydrogen (Hxx) or an ethyl (Exx)
attached to the carbonyl carbon, and with no ethyl (xHH), one
ethyl (xHE), or two ethyl substituents (xEE) on the amide
nitrogen (where “x” designates “H” or “E”). We calculated the
ground-state electric dipole moments of the amides using ab
initio density functional theory (DFT) as implemented by
Gaussian (Figure 1).61,62

The implemented computational tools allowed for a separate
analysis of the cis and trans conformers of each of the N-mono-
ethylated amides, HHE and EHE (Figure 1, parts b, c, f, and g).
The cis-HHE and trans-EHE were viewed as analogous because

Figure 1. Balls and sticks models of the amide structures, optimized in vacuum and in chloroform (CHCl3). The gray arrows designate the magnitudes
and directions of the calculated permanent dipole moments. The direction of the dipole vectors is from their negative to their positive poles.

http://pubs.acs.org/action/showImage?doi=10.1021/jp2045383&iName=master.img-002.jpg&w=321&h=292
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the nitrogen-bonded ethyls and the carbonyl oxygens were
on the same side of the axis of the C!N amide bond
(Scheme 1). Similarly, the trans-HHE and the cis-EHE were
analogous because their carbonyl oxygens and N-bonded ethyls
were on the opposite sides of the axis of the C!N amide bonds
(Scheme 1).
The theoretical values of the dipoles for vacuum, μ(0), of the

eight species ranged from about 3.3 to 3.8 D (Table 1). The values
of the dipoles for HHH,HEE, and EHHwere in a good agreement
with the previously reported values for these amides.63!65 The
amide dipoles pointed from the carbonyl oxygens to the nitrogens
(Figure 1) (i.e., the direction of electric dipoles is from their
negative to their positive poles). Alkylation of the carbonyl carbons
yielded an approximate 3!10% decrease in the magnitude of the
dipole moments. Conversely, the monoalkylation of the amide
nitrogens had themost pronounced effect on the dipole moments.
Placing theN-bonded ethyls and the carbonyl oxygens at opposing
positions, i.e., trans-HHE and cis-EHE (Scheme 1), substantially
increased the magnitude of the amide dipoles (Table 1). We
ascribed these substituent effects to the electron-donating proper-
ties of the ethyls. Alkylation of the carbonyl carbons decreased the
polarity of the CdObond. The polarization of the ethyls extended
the separation between the centers of the positive and negative
charges of the molecules, and hence increased their dipole
moments (for trans-HHE and cis-EHE).
To examine the solvent effect on the dipole moments, we

modified the ab initio calculations of the eight amide structures to
account for condensed media (Figure 1). The polarization effects

of the solvents were taken into account by using the self-consistent
isodensity polarizable continuum model (SCI-PCM).66 Each
amide solute, represented by a charge distribution, was embedded
in a cavity and was surrounded by the solvent, which was a
continuous infinite polarizable dielectric. The cavity was defined
based on an isosurface of the total electron density.66,67

In order to examine the polarization effects of the solvent
media, molecules were relaxed in the presence of the solvent as
implemented by the SCI-PCM and the dipole moments were
calculated again. The SCI-PCM model provides a plausible
explanation for the differences between the dipole moments in
vacuum, μ2

(0), and in condensed media, μ2*.
66,67 An increase in

the solvent polarity enhanced the solvent effect as indicated by
the μ2*/μ2

(0) ratios, which ranged from 1.1 to 1.4 and was the
most pronounced for cis-HHE (Table 1).
The molecular charge distribution induces a reaction potential

in the condensed solvent media, which acts back on the
molecular charge distribution changing the molecular dipole
moments.66,67 The effect of the dielectric can be viewed in terms
of image charges. The molecular charges induce image charges of
the opposite signs in the dielectric. These image charges further
polarize the molecular charges, resulting in increased amide
dipole moments. An increase in the media polarity and polariz-
ability enhances these image-charge effects, explaining the trends
in the solvent effect (Table 1).
Experimental Dipole Moments for Amides in Nonpolar

Media. We used the Hedestrand approach for extrapolating the
molar polarizations to infinite dilution fromconcentration-dependent

Table 1. Electric Dipole Moments and Polarizabilities, r, of Aliphatic Amides Determined Theoretically for Vacuum and for
Solvent Media with Different Polaritiesa

μ2*/D R2
b/Å3

amide μ2
(0)/ D DO (ε1 = 2.2) C2Cl4 (ε1 = 2.5) CHCl3 (ε1 = 4.8) CH2Cl2 (ε1 = 8.9) DMSO (ε1 = 47) Rxx Ryy Rzz ÆR2æc

HHH 3.74 4.19 4.20 4.49 4.63 4.80 3.08 4.40 5.65 4.38

HHE 3.72d 4.41d 4.43d 4.70d 4.80d 4.96d 8.14e

cis 3.69 4.36 4.37 4.69 4.84 5.02 6.16 8.12 10.1 8.13

trans 3.98 4.46 4.47 4.93 4.75f 4.87 6.11 7.76 10.7 8.18

HEE 3.78 4.20f 4.21f 4.49f 4.63f 4.79f 9.80 12.3 13.6 11.9

EHH 3.51 3.97 3.99 4.32 4.47 4.67 6.33 8.23 9.60 8.05

EHE 3.36g 3.79g 3.85g 4.24g 4.31g 4.49 g 12.0e

trans 3.36 3.78 3.84 4.23 4.27f 4.47f 9.95 11.0 14.9 12.0

cis 3.76 4.24 4.25 4.58 4.74 4.91 9.13 11.6 15.2 12.0

EEE 3.67 4.16 4.17 4.52 4.69 4.89 11.7 16.0 19.2 15.6
aTheoretical values for the magnitudes of the dipole moments from DFT calculations: μ2

(0), vacuum or gas-phase calculations; μ2*, calculations that
include the solvent effect using the Onsager formalism. DO = 1,4-dioxane; C2Cl4 = tetrachloroethene; CHCl3 = chloroform; CH2Cl2 =
dichloromethane; and DMSO = dimethyl sulfoxide. bThe nonzero components of the diagonalized polarizability tensor, Rii, were the eigenvalues of
the r2 = [Rij] matrices obtained from DFT calculations of relaxed structures in vacuum. cAverage polarizability: ÆR2æ = (Rxx + Ryy + Rxx)/3.

dObtained
from weighed sums of the calculated dipoles of the cis and tans conformers: (χcisμcis + χtransμtrans)/(χcis + χtrans); χtrans/χcis = exp (!ΔE/kBT);ΔE =
E trans ! Ecis; where the DFT-calculated total energies for the HHE conformers are as follows: (1) E trans = !6754.39 eV and Ecis = !6754.44 eV for
vacuum; (2)E trans =!6754.50 eV andEcis =!6754.50 eV for DO; (3)E trans =!6754.51 eV andEcis =!6754.50 eV for C2Cl4; (4)E trans =!6754.50
eV and Ecis = !6754.57 eV for CHCl3; (5) E trans = !6754.60 eV and Ecis = !6754.60 eV for CH2Cl2; and (6) E trans = !6754.63 eV and Ecis =
!6754.64 eV for DMSO. eObtained from weighed sums of the calculated average polarizabilities of the cis and tans conformers for vacuum, (χcisÆRcisæ +
χtrans ÆRtransæ)/(χcis + χtrans). fThese amide structures did not relax in the solvent media. Therefore, we took the relaxed amide structures for vacuum and
placed it in the corresponding solvent in order to calculate the dipole moment (single-point calculation). Our comparisons between the results for other
amides that were (1) relaxed in the selected solvent and (2) relaxed in vacuum and then subjected to single-point calculation in the same solvent,
however, showed that the values of the dipolemoment obtained by either of these twomethods do not differ significantly. gObtained fromweighed sums
of the calculated dipoles of the cis and tans conformers, where the DFT-calculated total energies for the EHE conformers are as follows: (1) E trans =
!8891.27 eV and Ecis = !8891.16 eV for vacuum; (2) E trans = !8891.36 eV and Ecis = !8891.26 eV for DO; (3) E trans = !8891.36 eV and Ecis =
!8891.26 eV for C2Cl4; (4) E trans =!8891.42 eV and Ecis =!8891.32 eV for CHCl3; (5) E trans =!8891.45 eV and Ecis =!8891.39 eV for CH2Cl2;
and (6) E trans = !8891.48 eV and Ecis = !8891.39 eV for DMSO.
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dielectric and density measurements:48,50,68

Pð0Þ2 ¼ 3aM1

F1ðε1 + 2Þ
2 +

ðε1 ! 1Þ
F1ðε1 + 2Þ

M2 !
bM1

F1

! "
ð7Þ

where Mi, Fi and εi are molecular weights, densities, and static
dielectric constants. The subscript “1” designates the quantities for
the major component of the binary mixture—the solvent, and “2”—
the minor component—the solute, i.e., the amide. The superscript
“(0)” designates quantity extrapolated to infinite dilution, i.e., to zero
concentration.
While the empirical parameters a and b are extracted from

linear fits of the dependence of measured quantities on the moles
fraction of the analyte, χ2 (eq 8a, 8b), they represent the first
derivatives of the dielectric constant and of the density, respec-
tively (eq 8c, 8d), of the binary solutions at infinite dilutions
(Figure 2):

ε ¼ ε1 + aχ2 ð8aÞ

F ¼ F1 + bχ2 ð8bÞ

a ¼ ∂ε
∂χ2

! "

χ2 ¼ 0
ð8cÞ

b ¼ ∂F
∂χ2

! "

χ2 ¼ 0
ð8dÞ

where the quantities without subscript are for the binary solu-
tions. The coefficients a and b differ from the original Hedestrand
coefficients R and β, which were for linear fits normalized to
unity intercepts, i.e., a = ε1R and b = F1β.50 Nevertheless, a facile
rearrangement of the original Hedestrand expression yields eq 7,
which accommodates the use of a and b instead of R and β.
Ideally, solvents for such studies should be nonpolar, nonhy-

groscopic, nonvolatile, and nonpolarizable. In addition, solvents
with propensities for hydrogen bonding, complexation, and other
relatively strong interactions with the solute should be avoided.

Therefore, saturated hydrocarbons with high boiling points, and
some of their perhaloginated derivatives, present an excellent
choice for simulating gas-phase conditions in condensed media.
Our initial studies, employing n-hexadecane (C16H34) and

tetrachloromethane (CCl4), revealed an important practical
issue with the use of such nonpolar solvents. A principal
challenge with hydrocarbon solutions proved to be the limited
solubility of some of the investigated amides.
For example, from dielectric and density measurements of

amide solutions in C16H34, the determined dipole moments of
HEE and EHE were 3.88 ( 0.15 D and 3.40 ( 0.13 D,
respectively, which were in an excellent agreement with the
calculated values for vacuum, μ2

(0), in the absence of solvent
effect (Table 1). Conversely, HHH and EHH did not manifest
sufficient solubility in C16H34 to attain high enough concentra-
tions necessary for measurements with acceptable signal-to-noise
ratios. Concurrently, HHE and EEE had acceptable solubility in
C16H34. The experimentally obtained dipoles for these two
amides in C16H34, however, were 1.86 ( 0.14 D and 4.59 (
0.52 D for HHE and EEE, respectively. We ascribed this
discrepancy between the experimental dipoles and the corre-
sponding theoretical μ2

(0) values to the pronounced propensity
for aggregation of the amides in nonpolar media. Depending on
the size of the aggregates and on the alignment of the amide
dipoles in these aggregates, the apparent dipole values, extracted
from experimental data, would exceed or be smaller than μ2

(0).
To address these solubility issues, we explored the use of

alternative nonpolar solvents. Because of the symmetry of its
molecule, 1,4-dioxane (DO) is one of the least polar ethers with
its static and dynamic dielectric constants close in value, i.e., ε1≈
n1

2. In fact, the dielectric constants of DO resembling those of
n-hexadecane, i.e., for DO, ε1 = 2.28 and n1

2 = 2.02; and for
n-C16H34, ε1 = 2.23 and n1

2 = 2.05.
From concentration-dependent density and dielectric mea-

surements of amide-DO solutions (Figure 2), we obtained P2
(0)

for the six amides (eq 7, 8). Approximating P2 μ
(0) to P2

(0) allowed us
to use eq 1 to calculate the magnitudes of their dipole moments,
μ2** (Table 2). (While “*” indicates the theoretically calculated

Figure 2. Dielectric and density properties of diluted amide solutions in 1,4-dioxane (DO). Concentration dependence of (a) the solution static
dielectric constants, ε, obtained from capacitance measurements, and (b) the solution densities, F. The amide concentration is expressed in mole
fractions, χ2. The blue markers represent the experimental data, and the red lines show the linear fits of the data (eq 8).

http://pubs.acs.org/action/showImage?doi=10.1021/jp2045383&iName=master.img-003.jpg&w=308&h=200
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dipoles for solvent media, “**” designates amide dipoles for
different solvents obtained from experimental measurements.)
We further corrected the experimental dipole moments, μ2**,

by the use of a somewhat improved approximation for the
orientation polarizations,P2 μ

(0)≈P2
(0)!P2e

(0) (eq 2).We estimated
the electronic polarization using the dynamic dielectric proper-
ties of each amide (eq 6b).48 The molar electronic polarizations
of the six amides, P2e

(0), were about 8 to 23 times smaller than the
total molar polarizations, P2

(0) (Table 2). Therefore, the values of
the corrected experimentally obtained dipole moments, μ2C**,
obtained usingP2 μ

(0)≈P2
(0)!P2e

(0), did not differ significantly from
the corresponding dipoles, μ2**, obtained using P2 μ

(0) ≈ P2
(0).

To compare the experimentally and theoretically obtained
amide dipoles, we employed Student’s t-tests. The obtained p-
values manifested a lack of trends of identifying similarities
between themeasured dipoles for DO and the theoretical dipoles
for vacuum or for DO (Table 2). Comparison between the
experimentally obtained dipoles for DO, μ2C** (Table 2), and the
theoretical dipoles for vacuum, μ2

(0) (Table 1), yielded p > 0.01
for all amides except EHE, which prevented us from rejecting the
null hypothesis, H0, (with 99% confidence) about the identity
between these experimental and theoretical values (Table 2).
Concurrently, comparisons between the measured, μ2C**, and
the theoretically calculated, μ2*, dipoles for DO of the N-mono-
alkylated amides, HHE and EHE, yielded p > 0.01. These results
appeared encouraging, indicating that, for these two amides, the
DO solvent effect, as implemented by the PCM, correlated well
with the experimental findings. We believe, however, that the
interpretation of the statistical results did not provide straightfor-
ward answers and hence required caution in drawing the con-
clusions.While p > 0.01 did not provide the basis for rejectingH0,
p < 0.1 was not necessarily a strong evidence for accepting H0.
Therefore, it was essential to examine closely the experimental
and theoretical setups.
Experimentally, the limited solubility in nonpolar solvents

justified the need for carrying the analysis with DO. The
improved solubility of the six aliphatic amides in this cyclic
diether suggested that DO provides solvation interactions that
solubilize the polar analytes. Thus, DO is not truly noninteract-
ing solvent, and it would be unacceptable reason to expect
identity between the dipole moments measured for DO, μ2**,
and/or μ2C**, and the “true” amide dipoles, μ2

(0), calculated for
vacuum. Therefore, the similarities between the theoretical
dipoles in vacuum, μ2

(0), and the experimental dipoles in DO,
μ2C**, were most probably a serendipitous balance between
enhancing and reducing solvent effects.
Theoretically, PCM model provides an excellent means for

implementation of the Onsager formalism on solvation of
molecules with arbitrary shapes. As a continuum model, how-
ever, PCM suffers from some deficiencies. The size of the DO
solvent molecules is comparable with the sizes of the analyzed
amides. Therefore, the arrangement of the DOmolecules around
the solvation cavity may introduce local effects on the reaction
field, for which PCMdoes not account. DO, indeed, is a nonpolar
ether. Its molecule, however, comprises two oxygens that polar-
ize the six-member saturated ring; i.e., the DOmolecule contains
two oppositely oriented permanent dipoles. The exact effects of
these dipoles on the reaction field in the solvation cavity cannot
be predicted without vigorous analysis of the arrangement of the
DO molecules around the amides.
Furthermore, the PCM model does not account for strong

specific interactions, such as intermolecular hydrogen bonding.T
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While DO is a noninteracting liquid, i.e., the DO molecules do
not form hydrogen bonds with one another, DO is a hydrogen-
bond acceptor. Four of the amides we studied have amide N!H
hydrogens that can readily bond with the free electron pairs on
the DO oxygens. Such hydrogen bonding between the DO
solvent and the solvated amides causes shifts in the electron
density and hence changes in the solute polarization.
Dipole Moments of Amides in Moderately Polar Media.

Because of solubility issues, nonpolar media limits the type of
polar molecules that are possible to examine. While nonpolar
ethers, such as DO, may address the solubility issues, they
introduce complexity of local solvation interactions that compu-
tationally are not readily implementable. Therefore, we extended
our studies to two chlorinated solvents, chloroform (CHCl3) and
1,1,2,2-tetrachloroethane (TCE), which are known for their
excellent dissolving properties for organic substances without
being hydrogen-bond donors or acceptors.
Although chloroalkane solvents cannot hydrogen bond with

solutes, the formation of halogen bonds (X-bonds) with hydro-
gen-bonded carbonyl oxygens presents a concern.69 In order for
such X-bonding to occur, the solute itself has to form intermo-
lecular hydrogen bonds (which is possible for the four amides that
contain nitrogen-bonded hydrogens, i.e., N!H bonds).69 Avoid-
ing amide aggregation via dilutions ensures avoiding such hydro-
gen bonding, and hence avoiding X-bonding with the solvent.
The six amides exhibited excellent solubility in CHCl3, and,

with the exception of HHE and EHE, the concentration depen-
dence of the dielectric constants was linear for χ2 < 0.01
(Figure 3a). For the nonlinear trends, we extrapolated the
derivatives to zero-concentrations by fitting the data to a power
function, i.e., ε = ε1 + a χ2 + c χ2

d, and hence (∂ε/∂χ2)χ2=0 = a for
d 6¼ 1. We, however, limited our analysis to sufficiently diluted
solutions (i.e., χ2 < 10

3) and avoided concentration ranges where
the apparent nonlinearity suggested for intermolecular interac-
tions that caused binary solutions to deviate from ideality
(Figure 3b).
Using the Debye!Hedestrand relations (eqs 1, 2, 7, and 8), we

obtained the values of the dipole moments of the six amides for
CHCl3, which were notably larger than the corresponding dipoles
for nonpolar media obtained theoretically, μ2

(0), and experimen-
tally, μ2** for DO (Table 1 and 2). Introducing the correction for
the molar electronic polarization of the amides resulted in a
reduction of the dipole values by less than 5% of the uncorrected
dipoles (Table 2). Because the values of P2

(0) for chloroform were
larger than the corresponding P2

(0) values for 1,4-dioxane, the
corrections for P2e

(0) were less significant for thismore polar media.
The solvent effect on the amide dipoles for TCE media was

even more pronounced than the solvent effect we observed for
CHCl3. (TCE is a more polar solvent than CHCl3.) With the
exception of HHE, the amides were quite soluble in TCE. The
dielectric constants of the amide TCE solutions exhibited linear
concentration dependence for χ2 < 103 (Figure 3c). The extra-
polated P2

(0) values were notably larger than the P2
(0) values we

obtained for DO and CHCl3, i.e., 5- to 10-fold larger (Table 2).
Therefore, the correction for the molar electronic polarization,
P2e
(0), had even lesser effect on the experimental dipole values for

TCE than forDOorCHCl3, i.e., for TCE,μ2C**≈μ2** (Table 2).
For all six amides, the t-tests on the identity between the

experimental dipoles for chloroform, μ2C**, and the theoretical
dipoles for vacuum, μ2

(0), yielded p-values smaller than 0.01,
allowing for an indiscriminate rejection of H0:(μ2C** % μ2

(0))
with 99% confidence for the CHCl3 measurements (Table 2).

For TCE, identical t-tests yielded p , 0.01 for the identity
between μ2C** and μ2

(0), which was apparent from the excessively
large TCE solvent effect (Table 1 and 2). Indeed, the corrections
for molar electronic polarization (eq 6b) did not account for the
discrepancies between the experimental dipoles, μ2**, for the
chlorinated solvents and the corresponding theoretical values for
vacuum, μ2

(0) (Table 1 and 2).
For CHCl3, applying the same statistics for comparing the

experimental amide dipoles with the corresponding theoretical
dipoles yielded p> 0.01 for five of the amides, and p> 0.10 forμ2**
or μ2C** of four of these five amides. For EHH, p < 0.01.
Nevertheless, for EHH, the theoretically calculated value of μ2*
(for CHCl3) underestimated its experimentally determined di-
pole moment, μ2C**, with only about 10% (Table 1 and 2). These
results allowed us to conclude that, within the inherent uncer-
tainty of the used methods, the experimentally obtained amide
dipoles for CHCl3, μ2**, or μ2C** are identical with the theore-
tically calculated dipoles for the same solvent, μ2*, and different
from the theoretically obtained dipoles for vacuum, μ2

(0).
The agreement between theory and experiment for CHCl3,

suggested that the reaction field exerted in the solute cavity was
the underlying reason for the observed solvent effect on the
amide dipoles in chloroform. Furthermore, the results demon-
strated that implementation of the solvating media as a contin-
uous dielectric into ab initio calculations allowed for quanti-
fication of the solvent effect of CHCl3 on the amide dipoles.
The PCMmodel, however, did not account for the pronounc-

edly large solvent effects on the amide dipoles experimentally
obtained from TCE solutions. We carried SCI-PCM ab initio
calculations on the six amides, solvated by chlorinated solvents
with polarity (i.e., dichloromethane, CH2Cl2) and polarizability
(i.e., tetrachloroethene, C2Cl4) similar to the polarity and
polarizability of TCE (Table 3). The theoretically calculated
solvent effects, μ2*/μ2

(0), for CH2Cl2 and C2Cl4 ranged between
about 10% and 30% (Table 1). The experimentally measured
solvent effect, μ2**/μ2

(0), for TCE, however, ranged between
100% and 250%. This dramatic discrepancy suggested either (1)
experimental shortcomings in use of TCE for solvent media
(such as analyte aggregation), (2) limitations in the Debye!
Hedestrand formalism for analyzing TCE binary mixtures, or (2)
limitations in the theoretical treatment of TCE as a dielectric
continuum as implemented with the PCM model.
Aggregation.Discrepancies in dipolemomentmeasurements,

along with nonlinear concentration dependence of the dielectric
constants of binary solutions, are often ascribed to aggregation.
We employed 1H NMR spectroscopy to examine the aggregation
propensity of the six amides in chloroform and in TCE.83 (The
working concentration range for the dielectric measurements is
within the dynamic range of NMR spectroscopy.84)
For HHH, HEH, EHH, and EHE in CHCl3, the concentration

increase from 4 & 10!4 to 8 & 10!3 caused 0.15 to 0.3
ppm downfield shifts in the signals from their amide protons
(Figure 4). Ascribing the deshielding (which causes such down-
field shifts) to intermolecular hydrogen bonding and to an
increase in the dipole-induced polarization of the N!H bonds
indicated that aggregation, specifically hydrogen-bonding-
assisted aggregation, was plausibly the cause for the observed
changes in the chemical shifts of the amide protons.
Although the concentration dependence of the dielectric prop-

erties of the HHH and EHH solutions manifested linearity within
a relatively broad concentration range, i.e., ∼10!4 < χ2 < ∼10!2

(Figure 3a), the concentration-induced changes of the N!H
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chemical shifts (Figure 5a,b) were evidence for amide aggregation.
These findings were in agreement with the reported propensity of
HHH for intermolecular hydrogen bonding.85!87 Conversely, the
observed concentration-dependence of the amide chemical shifts
of HHE and EHE (Figure 4c,d), reflected the measured dielectric
nonlinearity for χ2 > ∼2 & 10!3 (Figure 3a).
In addition, the N!H chemical shifts of the N-monoalkylated

amides, HHE and EHE, revealed an important trend regarding the
conformer distribution of these two conjugates. The broad NMR
peak of the amide proton of HHE had a shoulder at its downfield
side (Figure 4c), consistent with the presence of at least two
conformers, i.e., cis and trans (Scheme 1). Conversely, the amide
signal for EHE was a singlet for the investigated concentration
range, indicating the detectable presence of only one conformer
(Figure 4d). This observation was consistent with the calculated
energies of the conformers of these two amides in chloroform
(Table 1, footnotes d and g).While the energy difference between
the cis and trans conformers of HHE was 0.03 eV (comparable
with kBT for room temperature), the cis!trans energy difference
for EHE was 0.1 eV. Therefore, the HHE samples contained two

principle conformers “locked” by the partial π-conjugation of the
C!N bond, and the EHE samples were composed predominantly
of the trans-amide (Scheme 1): i.e., assuming the Boltzmann
distribution for room temperature, more than 98% of EHE existed
in its trans form.
The concentration-induced changes in the chemical shifts of

the methylene,!CH2!, methyl,!CH3, and carbonyl,!C(dO)!
H, protons were not as extensive as the changes in the signals
from the amide protons (Figure 5). The chemical shifts of the
carbonyl protons (between 8.0 and 8.3 ppm) remained inde-
pendent of the amide concentrations (Figure 5a,c,e). Conversely,
the protons of the carbonyl-bound methylenes (in the region
between 2 and 2.5 ppm), along with the corresponding methyl
protons (in the 1!1.3 ppm region), exhibited slight concentra-
tion-induced upfield shifts that did not exceed about 0.02 ppm -
(Figure 5b,d,f).
The alterations in the shapes of some of the peaks, however,

were a conspicuous indication of concentration-induced changes
in the molecular microenvironment. For EHH, for example,
the concentration increase caused a quadruplet-to-pentaplet

Figure 3. Dielectric and density properties of diluted amide solutions in chlorinated solvents. (a, b, c) Static dielectric constant, ε, obtained from capacitance
measurements of amide solutions in (a, b) chloroform (CHCl3), and (c) 1,1,2,2-tetrachloroethane (TCE). (d) Densities of amide solutions in TCE. The
concentration of the amides, χ2, is expressed in mole fractions. The blue markers represent the experimental data, and the red lines represent the data fits.

http://pubs.acs.org/action/showImage?doi=10.1021/jp2045383&iName=master.img-004.jpg&w=300&h=401
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conversion of the!CH2! proton signal and a triplet-to-quadruplet
transformation of the!CH3 proton signal (Figure 5b). The changes
in peak appearance were not limited to the signals from protons of
the carbonyl-bound ethyls. For EEE, for example, upon the con-
centration increase, the proton signals from the nitrogen-bound
methylenes (in the 3!3.5 ppm region), along with the other signals
of the other alkyl protons, broadened and manifested an increase in
multiplicity (Figure 5e). The significance of the latter observation is
that even though EEE cannot undergo intermolecular hydrogen
bonding (i.e., EEE is not a hydrogen-bond donor), it still aggregates
at elevated concentrations. Therefore, in addition to hydrogen
bonding, electrostatic attraction is also a driving force for amide
aggregation, even in chlorinated solvents with moderate polarity.
The carbonyl proton of HHE exhibited a strong singlet, at 8.16

ppm, and a weak upfield doublet, at 8.09 ppm (Figure 5c, g),
which provided additional information about the distribution of
the cis and trans conformers of this amide. As predominantly
governed by the Fermi contact mechanism, the coupling of the
carbonyl proton is significantly stronger with the N!H proton
located at the trans position than with theN!Hproton located at

the cis position.86 For HHH, for example, the reported through-
three-bond coupling constant for the trans and cis protons are,
respectively, 3Jtrans-HH ≈ 13 Hz and 3Jcis-HH ≈ 2 Hz.86!88

For the carbonyl proton doublet of HHE (representing the
minor component of the mixture), we determined J = 12 Hz
(Figure 5g), which allowed us to plausibly ascribe it to the trans
conformer. The signal from the carbonyl proton of the major
component of the HHE mixture, however, appeared as a singlet
with a half-height width of ∼6 Hz. The peak broadening was the
most plausible reason for masking the doublet that resulted from
the coupling of the carbonyl proton with the cis N!H proton, for
which the expected 3JHHwould be in the order of 2Hz.

86Therefore,
we assigned the major component to the cis-HHE conformer.
The estimated proton deshielding further supported the above

NMR assignments for the HHE cis and trans conformers. The
calculated atomic charges of the carbonyl and methylene protons
of the cis-HHE were more positive than the charges of the same
protons of the trans conformer (Figure 5h). Therefore, the
downfield shifted signals, representing the major component of
HHE (Figure 5c, g), belonged to its cis conformer.

Figure 4. 1H NMR spectra of the amide, N!1H, region, depicting the concentration dependence of the chemical shifts of the N!1H protons for
samples dissolved in CDCl3.

Table 3. Solvent Dielectric Bulk Properties with the Corresponding Molecular Electrostatic Characteristics

theoreticala

experimental R1
e / Å3

solvent ε1 n1
2 γ1

b μ1** / D R1e
c/Å3 CM*/CMd conformer μ1

(0)/D Rxx Ryy Rzz ÆR1æf CM*g

DO 2.2 2.011 0.059 0.0!0.45h 8.51 0.30/0.29 chair 0.00 8.21 8.75 10.1 9.01 0.30

boat 1.44 8.11 8.47 10.1 8.89 0.81

C2Cl4 2.5 2.267 0.041 0.0i 12.0 0.30/0.33 — 0.00 7.99 14.5 15.7 12.7 0.39

CHCl3 4.8 2.083 0.27 1.0!1.2j 8.43 0.64/0.56 — 1.04 6.72 9.71 9.71 8.71 0.59

TCE 8.4 2.227 0.33 1.3!1.7k 12.1 0.86/0.71 anti 0.00 9.42 13.7 15.0 12.7 0.36

gauche 1.58 11.4 12.1 14.3 12.6 0.84

CH2Cl2 8.9 2.028 0.38 1.5!1.7l 6.46 1.1/0.72 — 1.61 5.23 5.86 8.48 6.53 1.2

DMSO 47 2.187 0.44 3.7!4.4m 7.98 6.0/0.94 — 3.82 7.20 8.86 9.15 8.40 4.6
a From DFT ab initio calculations of relaxed structures in vacuum (Scheme 2). bThe polarities of the solvents, γ1, were estimated from their static and
dynamic dielectric constants: γ1 = n1

!2! ε1
!1. cThe experimental solvent polarizabilities,R1e, were calculated from the solvent indexes of refraction, n1,

using eq 6a (i = 1). d From experimental measurements: CM* from eq 9a for room temperature, using μ1** and R1e; and CM from eq 9b, using ε1.
eThe

nonzero components of the diagonalized polarizability tensor, Rii, were the eigenvalues of the r1 = [Rij] matrices obtained from DFT calculations.
fAverage polarizability:ÆR1æ = (Rxx + Ryy + Rxx)/3.

g From theoretical calculations: from eq 9a for room temperature, using μ1
(0) and Rzz.

hReferences
70!73. iReference 74. jReferences 75!77. kReferences 78 and 79. lReference 80. mReferences 73, 81, and 82.
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The areas under the carbonyl and methylene NMR proton
peaks, assigned to the two HHE conformers, revealed that at
room temperature in chloroform the cis/trans concentration
ratio was:Ccis/Ctrans = 3.7 (Figure 6g). Employing the Boltzmann
distribution, we estimated the energy difference between the two
conformers, i.e., ΔE = E trans ! Ecis = 0.033 eV.
In this analysis, however, we did not take under consideration

the energy fluctuations induced by conformational changes in the
ethyl groups of the cis- and trans-HHE structures. The NMR
measurements represent the ensemble average from all thermally
accessible ethyl conformations that are separated by relatively
small energy barriers allowing fast exchange between themwithin
the millisecond duration of signal recording. Conversely, the
theoretical values reflected solely the energy differences between
the relaxed cis- and trans-HHE structures (Figure 1).
Nevertheless, these findings regarding the cis!trans distribu-

tions of HHE and EHE, which were independently delivered by
our theoretical and experimental analyses, have an important
implication for viewing the factors that govern the conformations
of amides, and especially, the conformations of peptide bonds in
proteins and polypeptides. While the intramolecular steric
hindrance may provide intuitive guidelines about the relative

stability of cis versus trans amides, the steric hindrance is not the
sole driving force in determining the preference of one con-
former over another. In the preferred, trans, conformer of EHE,
the bulkiest groups, i.e., the two ethyls, are on the opposite sides
of the C!N bond (Scheme 1; Table 1, footnote g), which is,
indeed, intuitively expected. For HHE, however, the preferred
conformer is cis, in which the two large substituents, i.e., the ethyl
and the carbonyl oxygen, are on the same side of the C!N bond
(Scheme 1). Indeed, the carbonyl oxygen is not as large as an
ethyl, and hence the steric hindrance in cis-HHE is not as
pronounced as it is in cis-EHE. Nevertheless, for a range of
torsion angles, the ethyl and the oxygen of cis-HHE have a
considerable van der Waals overlap. Therefore, other factors,
such as the amide electronic structure, govern the preference of
the seemingly less favorable cis-HHE over the trans-HHE.
NMR studies of the amides, employing deuterated 1,1,2,2-

tetrachloroethane (TCE-d2), revealed trends similar to the trends
we observed for CDCl3 (Figure 6). For χ2 > 0.001, which was
above the working concentration range for the dielectric studies
(Figure 3c,d), we observed 0.1!0.13 ppm downfield shifts of the
signals from the amide, N!H, protons (Figure 6a,b,c). Peak
broadening accompanied these shifts. The broadening of the amide

Figure 5. 1HNMR spectra of the carbonyl and aliphatic proton regions of CDCl3 solutions of the six amides. (a, c, e) Chemical shifts of the carbonyl and
the aliphatic proton at two different sample concentrations. (b, d, f) Chemical shifts of the aliphatic protons at two different concentrations for the
samples with ethylated carbonyls. (g) Chemical shifts of the carbonyl and the methylene protons of HHE showing the presence of two conformers. In
part g, the highest peaks in the carbonyl and in the aliphatic region are normalized for clarity. (h) Balls and sticks structures of the two most stable HHE
conformers with the corresponding atomic charges calculated for chloroformmedia. The singlet at 7.27 ppmwas from the traces of C1HCl3 andwas used
for internal standard, and the broad singlet at 1.56 ppm was ascribed to traces of water in the solvent.
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peaks revealed a conspicuous distinction between the NMR
spectra for CDCl3 and TCE-d2 solvents. For HHH, for example,
the spectra recorded for CDCl3 samples showed a distinct triplet or
a multiplet for the amide protons in the 5!6 ppm region
(Figure 4a). Conversely, the spectra for TCE-d2 showed solely a
broad singlet for the same amide protons (Figure 6a), an indication
for a relatively fast exchange mediated in this solvent.
Overall, the concentration-dependent NMR spectra suggested

for amide aggregation at χ2 exceeding about 0.001. HEE was the
only one of the six amides for which we did not observe evidence
for aggregation in either of the two chlorinated solvents; i.e., we did
not detect concentration-induced changes in NMR shifts of its
protons. Thus, the NMR findings validated our choice for con-
ducting the dielectric linear analysis at χ2 < 0.001 (Figure 3b,c).
Solvent properties. The solvent effects on the ground-state

amide electric dipoles reflect the enhancements from the reac-
tion fields in the solvated cavities. As expected, an increase in the
static, ε1, and dynamic, n1

2, dielectric constant of the solvent
media (Table 3), caused an increase in the magnitude of the
amide dipoles (Table 1, 2).
The excellent agreement between the experimental and the-

oretical dipole values for CHCl3, indeed, reflects the plausibility
of using continuous-mediummodels, with the corresponding n1

2

and ε1, for ab initio analysis of electrostatic properties of polar
moieties. The solvent bulk properties, however, did not intui-
tively reflect the experimentally observed pronouncedly large
dipole enhancement induced by TCE. While doubling ε1 (from
DO to CHCl3) increased the amide dipoles with about 20!25%,
an additional doubling of ε1 (from CHCl3 to TCE) caused a
dipole increase that amounted to three-to-4-fold (Table 2 and 4).
Similarly, the TCE-induced dipole enhancement did not follow
the linear increments with the increase in n1

2 between the three
solvents (Table 3).

Limitations in the Debye!Hedestrand procedures for extract-
ing dipole moments from experimentally obtained bulk dielectric
data may prove to be a plausible reason for the “abnormally” large
amide dipoles measured for TCE media. A principal constrain of
this formalism is its sole applicability to diluted polar analytes in
nonpolar solvents. Limited solubility of many polar solutes in
nonpolar solvents, however, presents important experimental
limitations. Hence, how polar can the nonpolar solvents be?
A principal reason for the validity of the Debye theory solely

for nonpolar solvents is its limitation imposed by the Clausius!
Mossetti expression with static dielectric constants, CM, which
cannot have values larger than unity (eq 4a).89 According to the
Debye theory, therefore, a nonpolar solvent should have polarity
and polarizability that will yield CM < 1:89

CM' ¼ F1NA

M1

4π
3

R1 +
μ1

2

9ε0kBT

 !

< 1 ð9aÞ

where,

CM' ( CM ¼ ε! 1
ε + 2

ð9bÞ

According to this expression, the Curie temperature at which
CM* = CM = 1 (i.e., ε = ∞) is unrealistically high for polar
materials, implying that they are ferroelectric at room tempera-
ture. Furthermore, for such polar materials, the equality between
CM and CM* as expected from their known dipoles and
polarizabilities, CM* ≈ CM (eq 9b), fails, making the Debye
formalism inapplicable for them. For DO, CHCl3, and TCE at
room temperature, CM* < 1, and within about 20%, CM≈ CM*
(Table 3). Conversely, CH2Cl2 and DMSO exhibited CM* > 1,
suggesting their inapplicability for studies that require Debye!
Hedestrand analysis. (DMSO, furthermore, is a hydrogen-bond

Figure 6. 1H NMR spectra of TCE-d2 solutions of five of the six amides depicting the concentration dependence (or the lack of concentration
dependence) of the chemical shifts of (a, d) the carbonyl protons of Hxx in the 8!8.5 ppm region, (a, b, c) the amide protons of xHx in the 5!6
ppm region, (b!e) the methylene protons of Exx and xxE in the 2!3.5 ppm region, and (b!e) the methyl protons of Exx and xxE in the 1!1.5
ppm region. HHE does not have sufficient solubility in TCE. The solvent peak of TCE-d1 is at 6 ppm.
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acceptor.) This criterion readily rejected the use of DMSO and
CH2Cl2 in such a line of experimental studies. TCE, however,
appeared to be a borderline choice. Although for neat TCE, CM*
does not exceed unity, its values for some of the conformers were
larger than ∼0.8 (Table 3). Therefore, an inclusion of the
contribution of a polar solute (with μ2 > 4 D) in eq 9a causes
CM* to exceed unity for χ2 > 0.05, which is more than an order of
magnitude larger than the concentration range we used in this
study (Figure 3c,d).
The polarities, γ1, of CHCl3 and TCE are quite similar

(Table 3). Furthermore, the magnitudes of the dielectric con-
stants of the six amides exceed several fold the dielectric constants
of any of the used solvents. Therefore, the bulk dielectric proper-
ties of the solvents do not appear to be a truly discerning criterion
between the chloroform-induced and TCE-induced enhance-
ments observed for the amide dipoles.
In addition to the CM criterion (eq 9), considering the

molecular electrostatic (e.g., μ1), electrodynamic (e.g., R1), and
structural properties of the solvents offers a means for elucidating
the “abnormal” TCE effect on the measured amide dipoles.
Equation 1 was derived from the Debye equation on the
assumption that the solvent dipole term, μ1

2/3ε0kBT, can be
neglected (eq 4a): i.e., (μ1

(0))2, (μ2
(0))2 or (μ1

(0)/μ2
(0))2, 1.

For the six aliphatic amides, (μ2
(0))2 ranged from about 12 to 16

D2 (Table 1). Concurrently, (μ1
(0))2 of CHCl3 was about 1.1 D

2,
and (μ1

(0))2 of TCE ranged between about 0 and 2.5 D2,
depending on the molecular conformation (Table 1). Therefore,
the square dipole ratios, (μ1

(0)/μ2
(0))2, for the amides ranged

between 0.07 and 0.09 for chloroform and between 0 and 0.21 for
TCE. (Herein, we did not discuss the approximation of the
Langevin function, L(y)≈ y/3 for y!1, 1, leading to the Debye
equation, because of the relatively small field strengths we used
for the dielectric measurements, ensuring μE(d)/kBT , 1.89)
It should be noted that due to conformational flexibility, DO

and TCE media comprise mixtures of molecular conformers
(Scheme 2).90,91 The calculated dipole moments of DO and
TCE showed a pronounced dependence on their molecular
conformations (Table 3). Overall, while the dipole of TCE was
able to assume values close to 1.6 D, the dipoles of DO andCHCl3
could not considerably exceed about 1.4 D. Therefore, TCE had
the capability to generate slightly stronger reaction fields than
eitherDOandCHCl3. The polar conformers ofDOandTCE, e.g.,
boat and gauche (Scheme 2), however, are not energetically the
most favorable. Therefore, the permanent solvent dipoles were not
able account by themselves for the pronounced TCE effect.
The polarizabilities of DO and TCE, on the other hand, had a

marginal dependence on their molecular conformations (Table 3).

Therefore, generating relatively large induced dipoles in the
solvent molecules (needed for noticeable reaction fields in the
solute cavities) did not require energetically unfavorable con-
formations. Furthermore, the wide distribution of the values of
the elements of the [Rij] tensor indicated a strong dependence of
the solvent polarizabilities on their molecular orientation.
The polarizabilities of CHCl3 and DO were quite comparable.

The polarizability of TCE, conversely, exceeded the polarizabil-
ities of CHCl3 and DO (Table 3). These trends in the experi-
mental, R1e, and theoretical, Rii and ÆRæ, values of the
polarizability of the three solvents provided a plausible explana-
tion for the relatively large TCE effect on the amide dipoles.
What Are the Limitations of Theory and Experiment? For

experimental estimation of dipole moments of polar moieties in
liquid media, it is essential to select noninteracting nonpolar
solvents. Conversely, for dissolving a solute even in a nonpolar
solvent, that solvent has to be interacting in order to provide
sufficient solvation stabilization and prevent aggregation and/or
phase separation. Strictly speaking then, all solvents are interact-
ing to some extent. Therefore, for each particular study, the
selected solvents ought to be interacting enough to provide
sufficient solubility and prevent aggregation and, at the same
time, noninteracting enough so that the media polarization
around the solvated cavities does not perturb significantly the
electronic properties of the analytes.
Assuming that chloroform is one of the most polar solvents

applicable for the experimental estimation of the permanent
dipoles of aliphatic amides (using the Debye!Hedestrand for-
malism), revealed the following potential requirement: (1) CM<
1 (eq 9); (2) (μ1

(0)/μ2
(0))2 < 0.1; and (3)R1ii < 10 Å

3 for solvent
molecular volume, v1, larger than 50 or 100 Å

3. Even when these
requirements were met, however, the Debye!Hedestrand anal-
ysis of the experimental data produced dipole values that
encompassed the enhancement from the reaction field of the
solvation cavity (Table 2).
Experiments do not provide means for measuring dipole

moments directly. It is the Debye!Hedestrand formalism that

Table 4. Electric Dipole Moments of Aliphatic Amides,
Determined Experimentally from Solutions in Chlorinated
Solvents Using Ellipsoidal Approximation of the Solvation
Cavity (Equation 10)

μ2
(0)** / D

amide r1:r2:r3 CHCl3 TCE

HHH 3:1:1 1.5 5.5

HEE 2:3:1 2.1 4.5

EHH 4:2:1 2.2 3.9

EHE 2:2:1 3.0 5.4

EEE 2:3:1 2.4 5.3

Scheme 2. Solvent Molecular Structures
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allowed us to extract the values of the dipole moments from
dielectric and density measurements (eqs 1, 2, 7, and 8). Like
many theories and formalisms developed in the beginning of the
20th century or earlier, the Debye theory approximates the “real
systems” to idealized solutions, composed of spherical solute
molecules, and nonpolar solvents that pack closely around the
solute spheres. Because of its simplicity, however, the Debye
theory has been widely used and preferred for relating experi-
mentally obtained bulk dielectric characteristics of materials to
the molecular electronic properties of the comprising molecules.
Indeed, Debye!Hedestrand analysis of experimental data of
relatively simple molecules has produced results in an excellent
agreement with theoretical ab initio predictions.48,49 Spherical
approximation of the solvated cavities, have yielded theoretical
results for complex molecules that agreed well with the experi-
mental findings.92 Such spherical approximations for molecules
with heterogeneous distribution of electron density, however,
result in significant discrepancies.62 Adopting nonspherical re-
presentations (with increased complexity) that are representative
of the molecular shapes, has the ability to provide a means for
agreement between theory and experiment.62,93

For the analysis of the amide experimental dielectric data, we
tested a model for solvated molecules with ellipsoidal shapes,
which is an approximation for nonpolar media, based on the
Onsager theory and the B€ottcher formalism56

ðμð0Þ2 Þ2

¼ M2ε0kBT
4πF2NA

ðε1 + ðn22 ! ε1ÞA1Þ2ð2ε1 + 1Þ
ð1 + ðn22 ! 1ÞA1Þ2ðε1 + ð1! ε1ÞA1Þε12

∂ε
∂χ2

! "

χ2 ¼ 0

 

+
3ε1ðε1 ! n22Þ
2ε1 + n22

"
ð10Þ

where A1 represents the distortion of the spherical shape of the
solvated cavity: i.e., A1 depends on the ratios between the ellip-
soid semiaxes, r1:r2:r3, where the permanent dipole is oriented
along r1.

56

For the five amides, soluble in TCE, this ellipsoidmodel yielded
dipoles that ranged 3.9 and 5.5 D (Table 4), which were closer to
the theoretical values of μ2

(0) (Table 1) than the dipoles extracted
using the Debye!Hedestrand analysis (Table 2). The same
ellipsoid model applied to the CHCl3 data, however, under-
estimated the amide dipoles (Table 4). A principal shortcoming
of the Onsager theory, on which the ellipsoid model was based
(eq 10), encompasses the assumption of incompressibility.55 We
estimated the volumes of the solvated cavity from density of the
pure amides, F2. Because of differences in solvation, the volumes of
the solvated amide cavities should vary in different media.
Furthermore, the molecules of CHCl3 and TCE have different
sizes and shapes (Scheme 2). Hence, most likely the solvated
cavities differ in size and shape for the two solvents. Nevertheless,
the results from the ellipsoid analysis revealed that deviating from
the widely used spherical approximation for the solute shapes has
the potential to encompass the experimentally observed solvent
effects on the amide dipoles.
On the theoretical side of this study, PCM encompasses the

arbitrary shapes of the solutemolecules.94 PCM, however, adopts
a spherical approximation of the shapes of the solvent molecules
needed for estimation of solvent accessibility.94 Furthermore,
should the solvent and solute molecules have comparable
dimensions, the continuum dielectric approximation for the
cavity solvation may fail. Therefore, interpretation of the results

from calculations for DO, C2Cl4, and DMSO media (Table 1),
ought to be approached with caution.
Improved multiscale models, such as the QM/MM/conti-

nuum computational formalism, indeed, offer the potential to
address some of the above issues and to provide insight about the
structural and electronic properties of solvated cavities.95,96 The
relative complexity and the computational demand of such
multiscale models, however, still prevents their wide implemen-
tation as a routine formalism for analysis of experimental find-
ings. In fact, PCM is amulti- or biscale, QM/continuummodel,94

and its successful implementation and agreement with the
experimental findings for amides solvated by chloroform is quite
encouraging (Table 1 and 2).

’CONCLUSIONS

How does one quantify the solvent effects on the dipoles of
polar species in condensed media? The simplest and well-tested
models frequently impose approximations that are unfeasible for
the systems to which they are applied. Conversely, by eliminating
the approximations, an increase in the complexity of the models
has the potential for bringing agreement between experiment and
theory. The rational of such an agreement of theoretical models
with experiment, however, does not guaranty that the models
describe the underlying phenomena that govern the experimental
results. For example, the use of ellipsoid approximation (eq 10)
was arbitrary, and it demonstrated trends of improvement in the
analysis of the TCE experimental results. It does not claim,
however, that the aliphatic amides should fit into ellipsoid solva-
tion cavities. Therefore, an experimental design that produces
theoretically testable results with least approximations and as-
sumptions provides the optimal venues toward understanding the
investigated phenomena. In this study, the dielectric measure-
ments and the ab initio calculations for the amides in chloroform-
condensed media, demonstrated an optimal agreement between
experiment and theory. Indeed, the many assumptions in the used
analysis and formalism did not compromise this agreement.

’EXPERIMENTAL SECTION

Materials. The six amides were purchased from TCI America.
High purity chloroform, 1,4-dioxane and 1,1,2,2-tetrachloroethane
were purchased from Fischer Scientific and Sigma-Aldrich. Cau-
tion! 1,1,2,2-Tetrachloroethane is a proven carcinogen (consult
with itsMSDS). Avoid skin contact and/or inhalation of its vapors.
The binary amide solutions were freshly prepared prior to each

measurement and kept at room temperature. We employed
amide concentrations that ranged from 1 mM to 100 mM. Using
the measured densities of the amide solutions, F (e.g., in g L!1),
we converted their molarity concentrations, C2, into mole
fraction concentrations, χ2:

χ2 ¼ C2

C1 + C2
ð11aÞ

C1 ¼ F!M2C2

M1
ð11bÞ

HereM1 andM2 are the molecular weights of the solvent and the
solute, respectively, and C1 is the molarity concentration of the
solvent.
Dielectric Measurements. For the dielectric measurements,

we used: (1) AH2700A ultraprecision capacitance bridge
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(Andeen-Hagerling, Inc., Cleveland, OH); and an ultrahigh
precision Wheatstone bridge, incorporated into HP 4284A
LCR precision meter. Both instruments were connected to a
three-terminal capacitance sample cell,68,97 and the corrections
for the connecting cables with up to of 4-m length were enabled.
The cell was filled with about 2 mL sample solution, the

electrode separation was set at 400 μm, and the capacitance
measurements were carried at frequencies ranging from 103 Hz
to 106 Hz. (Because of the relatively large dissipation factor for
the TCE samples, they were measured at frequencies that did not
exceed 104 Hz) In addition to the amide binary solutions, for
controls, we measured the capacitance of the neat solvents and of
air (i.e., of an empty dry cell).98 The dielectric constants of the
binary amide solutions were calculated from the parallel capaci-
tance values, corrected for dissipation.48

The experimentally determined dielectric values presented in
the tables and figures correspond to averages of at least five
repeats, where the error bars represent plus/minus one standard
deviation. Except for EEE in CHCl3, the multiple repeats were
recorded by two or more operators at different times of year, and
the samples were using solvents from different bottles. (The
relatively small error bars for EEE in CHCl3 reflected the fact that
all repeats were carried on samples prepared by the same person
from the same solvent source.)
Density Measurements.The densities of the amide solutions

were measured with a calibrated Mettler Toledo portable density
meter (Densito 30PX). Each measurement (recorded collected
at 21 !C( 0.5 !C) required about 1 mL freshly prepared sample
solution. Immediately prior to each measurement, the densit-
ometer was washed several times with the corresponding sample
solution. After each measurement, the densitometer was washed
with the corresponding neat solvent and nitrogen dried.
NMR Spectroscopy. Proton nuclear magnetic resonance (1H

NMR) spectra were recorded on a Varian Inova 400 MHz
spectrometer (Varian Inova 400, CA). Chemical shifts for
protons are reported in parts per million and are referenced to
residual protium in the deuterated NMR solvents, CDCl3 and
DCl2C!CDCl2 (Cambridge Isotope Laboratories, MA) as an
internal indicator (CHCl3: δ = 7.27 ppm; and DCl2C!CHCl2:
δ = 6.00 ppm).
To examine the aggregation propensity of the amides in

chloroform and in 1,1,2,2-tetrachloroethane, 1H NMR spectros-
copy of five concentrations of amides, 5 mM, 10 mM, 20 mM,
50 mM, and 100 mM were recorded (for conversion to mole
fractions, we used eq 11). For the analysis, the NMR data were
imported in Igor Pro, version 6 (WaveMetrics, Inc.) on MacOS
and WindowsXP workstations.99!104

Computational Information.We calculated the ground-state
electric dipole moments and polarizabilities of the six amides and
of the three solvents using ab initio DFT as implemented by
Gaussian 03 and Gaussian 09.61 Geometry optimizations were
performed at the DFT level using the Restricted PBE105 ex-
change correlation functional and the 6-31G(d, p)106,107 basis set
with a relaxation criterion of 4.5 & 10!4 eV Å!1.
The polarization effects of CHCl3 were taken into account by

using the self-consistent isodensity polarizable continuummodel
(SCI-PCM) as implemented by Gaussian.66 In this model, the
solvent was a continuous unstructured infinite polarizable di-
electric with a given dielectric constant. Each amide solute,
represented by a charge distribution, was embedded in a cavity,
and was surrounded by the solvent. The cavity was defined based
on an isosurface of the total electron density.66,67

The polarizabilities were calculated in Gaussian for optimized
structures in vacuum using static frequencies (i.e., zero-fre-
quency, static electric fields) as a derivative of dipole moment
at the DFT level using the Restricted PBE exchange correlation
functional and 6-31G++(3df,3pd) basis set.
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