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Solvent effects on isolated formamide and its monohydrated complex:
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Anqun Chen,” Xuemei Pu,*“> Shuhua He,” Yanzhi Guo,” Zhining Wen,”
Menglong Li,” Ning-Bew Wong® and Anmin Tian”

Received (in Montpellier, France) 3rd February 2009, Accepted 31st March 2009
First published as an Advance Article on the web 18th May 2009
DOI: 10.1039/b902149¢

A polarizable continuum model (PCM), at the B3LYP/6-311+ + G (d,p) level of theory, is used
to study solvent effects on isolated formamide and its monohydrated complex. Six varying kinds
of solvent (viz. water, dimethyl sulfoxide, acetonitrile, ethanol, tetrahydrofuran,
carbontetrachloride) are selected to model different polarity environments. The roles of
non-specific solvation and specific H-bonding associated with the bound water in influencing
geometries, vibrational frequencies, binding energies, 'H chemical shifts and n — n* transition
energies are discussed for formamide. Natural bond orbital (NBO) and atoms in molecules (AIM)
theories are used to analyze the nature of H-bonding and the origin of solvent effects. Significant
red- and blue-shifts are observed for the frequencies of formamide upon solvation and formation
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of hydrogen bonds, respectively. Both the solvation and the H-bonding increase the 'H chemical
shifts of amino protons and the n — ©* transition energy, while the chemical shift of formyl

proton is nearly insensitive to the two effects. The role of the specific H-bonding in influencing

molecular properties is lessened by the solvation since the solvent lowers the binding energy of the
complex, while the solvent effect is also modulated by the H-bonding through a specific
intermolecular interaction. Compared with non-polar solvents, polar solvents have a more

obvious effect on the properties examined. Furthermore, all the variations show a large
dependency on the dielectric constant up to a value of ~ 10, after which no further changes are

observed.

1. Introduction

Formamide (FA) is the simplest molecule containing an amide
linkage (—CO-NH-). Its solvated complex has been the subject
of intense interests from experimental and theoretical researches
owing to implication for protein hydration.' 3¢ Geometries,
H-bond interaction, spectroscopic properties (such as electronic,
vibrational, rotational and NMR spectra), tautomerism and
hydrolysis have been studied for FA:(H,0),, (n = 0—4) systems
in vacuum, liquid and solvents.> ¢ In these researches, solvent
effects generally focus on aqueous environment while other
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+ Electronic supplementary information (ESI) available: Table SlI:
Geometrical parameters (bond lengths and bond angles) and vibra-
tional stretching frequencies for formamide in the isolated form and in
the complexed form in the gas phase and in six solvents calculated at
B3LYP/6-311+ +G(d,p) level of theory and some corresponding
experimental values. Table S2: GIAO B3LYP/aug-cc-pVTZ calculated
"H NMR chemical shifts and variations of H chemical shifts upon
solvation and complexation in the gas phase and in six selected
solvents within the framework of the IEF-PCM model. Fig. Sl:
Dependences of variations in n — ©* transition energies of formamide
upon solvation on dielectric constants of solvents in the monomer and
the complex. See DOI: 10.1039/b902149¢

organic media were seldom considered. Electronic spectra of
formamide in acetonitrile’®?” and cyclohexane solutions®’”?’
were investigated by some experiments. Later, Hirst>” used an
ab initio method to study the electronic spectrum of formamide
in cyclohexane. Taha et al.'® determined experimental internal
rotation barriers for formamide monomer in three solutions
(water, dimethyl sulfoxide, acetonitrile) and calculated the
barrier in a series of dielectric constants ranging from 1 to 109
using self-consistent isodensity polarizable continuum model
(SCIPCM) at the HF/6-311 + + G** level of theory. Recently,
Zhou® studied binding energies of 1 : 1 complexes of formamide
with water using the Onsager reaction field model with a range
of dielectric constants from 2 to 80 at B3LYP/6-311+ +(d,p)
level and drew a conclusion that solvent generally increases
the binding energies, opposite to results from some similar
researches. 137

The focus of this paper is the effect of organic solvents with
different polarity on the interaction between formamide and
water. The interests mainly stem from the use of enzymes in
organic media with low water content, which has been one of
the most exciting facets of enzymology in recent times since
enzymatic reactions in nonaqueous solvents provide numerous
synthetic and processing advantages.*®*° However, native
enzymes almost universally exhibit low activities in organic
solvents.***! Factors which contribute to this activity drop are
complicated. Water stripping has been considered as one main
reason.>>*? In nonaqueous media, a low water presence is still
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required for catalysis of enzymes,**** and the control of water

is exerted by the amount of molecules bound to the enzyme
rather than its level in the organic solvent.* It is found that the
polar solvent shows higher ability than a nonpolar one to
remove (or strip) bound water from protein®® and a dependence
of activity on the polarity of the solvent was found for some
enzymes,**“’ dropping as the polarity is increased. However,
experimental data for understanding the nature of effects of
nonaqueous solvents on interactions between the enzyme and
the bound water are limited due to the complexity of the
protein structure and the molecular nature of the issue. As
well-known, progress of computational quantum chemistry
has offered alternative approaches to obtain microscopic
information at the molecular level and supplement experimental
investigations. The size of enzyme, however, limits high levels
of quantum chemical calculation, which can provide a reliable
physical background. Therefore, we, herein, select one mono-
hydrated formamide, where water is simultaneously acting as a
proton donor to the carbonyl group oxygen atom and as a
proton acceptor from the amino group, as a prototype of
bound water and protein in organic media with low water
content (see Fig. 1). The cyclic formamide—water complex has
been identified as the most stable small cluster in previous
microwave,” infrared* studies and some theoretical studies.">°
Effects of solvent polarity on the conformer are studied using
the polarizable continuum model (PCM).*’ In the PCM, the
solvent is represented as a homogeneous dielectric continuum
where a solute is placed in a molecule-shaped cavity, neglecting
any reference to the atomistic nature of the solvent. Thereby,
the solvent effect derived from the PCM model indicates
non-specific electrostatic effects, not considering any specific
solute-solvent interactions. However, the PCM accounts
already for large parts of the solvent effect, as demonstrated
on many occasions to be quite successful in investigating
molecular properties in solution.'>*¥> To model different
media environments, six solvents of varying nature are
selected, spanning from nonpolar (carbon tetrachloride,
CCly: ¢ = 2.23), weakly polar (tetrahydrofuran, THF,
¢ = 7.58), polar (ethanol, ETH, ¢ = 24.55; acetonitrile,

Fig. 1 Geometry of monohydrated complex (II) calculated at the
B3LYP/6-311+ +G(d,p) level of theory (the two dots indicate the
bond critical points.)

ACN, ¢ = 36.64; dimethyl sulfoxide, DMSO, ¢ = 46.70), to
highly polar (water, WAT, ¢ = 78.39). On the other hand,
effects of the selected solvents on formamide monomer are
studied in the present work. The observations obtained from
the two prototypes (viz. the isolated formamide monomer and
its complex) in the gas phase and in six different-polarity
solutions enables (1) to gain insight into the role of
non-specific solvation in influencing geometries, vibrational
frequencies, binding energies, "H chemical shifts and n — w*
transition energies of formamide by comparisons of results
from the solutions with those from the gas phase; (2) to obtain
information with respect to the role of the specific hydrogen
bonding between the solute and the bound water in modulating
the solvent effects, by means of analyzing differences in the
molecular properties between the monomer and its mono-
hydrated complex. (3) to probe, at least for the present system,
the physical origin of solvent effects and the nature of
hydrogen bonding with the aid of natural bond orbital
(NBO) and atoms in molecules (AIM) analyses. Herein, we
are concerned less on the absolute value of the calculated
property, but more so on its changes induced by solvation
and H-bonding, since our purpose is to provide helpful
information, by employing the model system, for better
understanding the interaction between the bound water and
enzyme in organic media with different polarities.

2 Computational methods

The continuum solvation model adopted here is the so-called
integral equation formalism, viz. IEF-PCM.>* For all species
under study, B3LYP geometry optimization has been per-
formed at the 6-311+ + G(d.p) level in gas-phase and the six
kinds of solvents within the framework of the IEF-PCM
model. All the geometries are confirmed as stationary structure
by the presence of only real frequencies at the same level of
theory. The frequency values have been scaled by a factor of
0.963.”

Binding energies have been calculated taking into account
basis set superposition error (BSSE). BSSE is obtained by
reoptimizing the structure of the complex in the gas-phase at
the B3LYP/6-311 + + G(d,p) level using the counterpoise (CP)
method® and is assumed to be equal in gas-phase and with
PCM."’

The topological properties of electron charge densities are
calculated by atoms in molecules (AIM)*® method using
AIM2000 software® at B3LYP/6-311+ +G(d,p) wave
function. The orbital interactions of all the optimized
structures are further analyzed using natural bond orbital
(NBO) theory of Weinhold and co-workers®® at the
B3LYP/ 6-311+ +G(d,p) level.

Calculations of NMR chemical shielding constants are
performed using the “gauge-including atomic orbital” (GIAO)
method.>>*® Several DFT functionals, viz. B3LYP, OPBE,
OPWOII1 and KT3, are evaluated in gas-phase calculation
for 'H chemical shifts. The Dalton Quantum Chemistry
Program®' is employed to carry out the KT3 calculation.
The 'H chemical shift is a difference of isotropic shielding
constants of the studied system with respect to the tetra-
methylsilane (TMS) reference molecule. The structures of
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Table 2 H-Bond distances (ro..., in A) and electron densities
(p, in a.u.) and Laplacian values (V>p, in a.u.) at bond critical points
of H-bonds and two types of binding energies derived from total
electronic energies (AE, in kcal mol™') and Gibbs free energies
(AG, in kcal mol™") with the inclusion of counterpoise correction for
BSSE for the complex in gas phase and in the six solutions®

Solvent ~ H-bond p V% ro.u AE AG

GAS 06---H2  0.0193  0.0752  2.058 -8.86  1.96
O5---H8  0.0274  0.0936  1.921

CCly 06---H2  0.0181  0.0689  2.096 —6.21 452
0O5---H8  0.0276  0.0936 1917

THF 06---H2  0.0165  0.0609  2.150 —3.92  6.66
O5---H8  0.0283  0.0953 1.907

ETH 06---H2  0.0156  0.0565  2.183 -3.11 735
O5---H8  0.0289  0.0970  1.897

ACN 06---H2  0.0154  0.0556  2.190 -2.99 746
O5---H8  0.0290  0.0972  1.896

DMSO  0O6---H2  0.0154  0.0557  2.190 -292 754
O5---H8  0.0291  0.0973 1.895

WAT 06---H2  0.0151  0.0544  2.200 -2.88 752
O5---H8  0.0291  0.0974  1.895

“ AE = E(in complex) — E(in monomer); AG = G (in complex) —
G(in monomer).

Table 3 Second-order perturbation energies (E®, in kcal mol™")
associated with the hydrogen bonding between formamide and the
bound water, derived from NBO calculations at the B3LYP/
6-311+ + G(d,p) theory level

Solvent EP(nos - 6*Ni-m2) E®(nos - 6*06-1s)
GAS 4.61 6.92
CCly 4.24 7.26
THF 3.65 7.79
ETH 3.31 8.15
ACN 3.24 8.21
DMSO 3.25 8.24
WAT 3.13 8.25
Table 4 '"H NMR isotropic shielding constants and chemical shifts®

(in parentheses) of isolated formamide in the gas phase (B3LYP/
6-311+ +G(d,p) optimized geometry), calculated wusing four
functionals of DFT and 6-311 + + G(d,p) basis set”

Nucleus OPBE OPW91 KT3 B3LYP

H2 27.18 (4.53)  27.20 (4.52) 27.42 (4.49)  27.36 (4.61)
H4 23.32(8.39) 23.34(8.38) 23.63(8.28)  23.60 (8.37)
H9 27.17 (4.54)  27.20 (4.52) 27.54 (4.37)  27.50 (4.47)

@ Chemical shifts of hydrogen nuclei are referred to TMS. ® Results
are in units of ppm.

solvation shift in the bond length, viz. AR(sol — gas) = R(in a
given solution) — R(in a gas phase), including the elongation
and the contraction, show large dependency on the dielectric
constant up to a value of ~ 10, after which no further changes
are observed.

Comparisons of the data in the monomer (I) and in
the complex (II) show that the N1-H9 and the C3-H4
bond lengths are almost insensitive to addition of the water
molecule, as depicted in Fig. 3. Upon complexation, the
proton donating N1-H2 bond and the proton accepting
C3=—05 bond are elongated while the C3-N1 bond is
shortened (see Table 1 and Fig. 3). Similarly, the bond length
variation upon complexation, viz. AR(Il — I) = R(in complex)
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Fig. 2 Dependences of solvent-induced shifts in bond lengths of
formamide (AR(sol — gas)) on dielectric constants of solvents (¢) in
the isolated form (—) and the complexed form (---).
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Fig.3 Dependences of bond length variations of formamide owing to
complexation (AR(II — I)) on dielectric constants of solvents (&).

— R(in monomer), is found to be largest in the gas-phase and
second largest in the nonpolar solvent (carbon tetrachloride).
As solvent polarity increases up to a relatively high level
(¢ >10), the difference in the AR(II — I) values among polar
solvents disappears (see Fig. 3). In other words, non-specific
solvation would weaken the bond length shift upon association
with the bound water molecule, especially polar solvation.
However, the extent of weakening is not further amplified
by the solvent polarity when the dielectric constant of the
environment is higher than a value of ~ 10.

On the other hand, red shifts in the stretching vibrational
frequencies of the proton donating NI-H2 bond and the
C3=0S5 bond are observed for formamide monomer owing
to solvation. In the monomer, the computed gas-to-solution
red-shifts, viz. Av(sol — gas) = u(in a given solution) —
u(in gas phase), are in the ranges of 33-92 cm ™' for the N-H
asymmetric stretching vibration frequencies (Avysn p(sol — gas)),
29-79 cm~! for the N-H symmetric stretching frequencies
(Avgn_n(sol — gas)) and 36-86 cm ™! for the C3=05 frequencies
(Avcz—os(sol — gas)), as shown in Table 1 and Fig. 4. In
contrast, the solvent causes blue-shifts of 13-27 and
8 ~ 22 cm! for the ves s and the ves i in the monomer,
respectively. The gas-to-solution shifts in the frequencies
(Au(sol — gas)) also show a positive dependency on the
dielectric constant (¢) of the environment, increasing with
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Fig. 4 Dependences of solvent-induced shifts in vibrational stretch-
ing frequencies of formamide (Av(sol — gas)) on dielectric constants of
solvents (¢) in the monomer (—) and its monohydrated complex (---).
increasing solvent polarity. Some experimental researches'® !
on formamide (see Table S1 in ESIY) reported that the red
shifts are 37 cm™! for the vy in carbon tetrachloride
solution, 99 cm™" for the v, noi and 91 cm™! for the v nn
in acetonitrile solution, compared with the corresponding
values of 33, 89 and 77 cm ™! derived from our calculations
for the monomer. Similar to the variation in the bond length,
the solvation shifts in the calculated frequencies (see Fig. 4)
exhibit a sharp decrease with an increase in the dielectric
constants (¢) of solvents in the relatively low ¢ region (¢ <10).
In contrast, in the higher-¢ region, the frequency shift upon
solvation is rather insensitive to the solvent polarity. The
dependence of C—0O0 frequency of formamide on the solvent
dielectric constant shown in Fig. 4 is similar to experimental
observations on the dependence of C=—O frequency of
formaldehyde on solvents (cyclohexane, chloroform, THF,
ACN, DMSO and water) reported by Begue,*® who showed
that the variation of vc—¢ is in a rather narrow range (less
than 5 cm™") on going from THF to ACN to DMSO to water,
thus confirming the reliability of computational model selected
in the present work.

As for the complex, the frequency variations induced by the
solvents (Ar(sol — gas)) are similar to those in the monomer
with the exception of the v .y and vz N (see Fig. 4). The
red shifts owing to solvation still be observed for the v, N1
and the vc3—os While the Avcs_pa(sol — gas) are blue-shifted.
However, the shift in the complex is smaller than that in the
corresponding monomer. Interestingly, the gas-to-solution
shifts in the vs n g and vcs N significantly differ from those
in the monomer, being almost insensitive to the solvent
polarity, thereby indicating remarkable role of the specific
interaction between the bound water and formamide in the
solvent effects.

Compared the frequencies in the monomer with those in
the corresponding complex, significant red-shifts (Av(II — I)
upon formation of H-bonds are observed for the vy and
the vc3—os while blue-shifts are found for the vc3_n; and
ves—pa (Fig. 5). Furthermore, the frequency shifts (Av(II — 1))
induced by the complexation, either blue or red shift,
are significantly weakened by the solvation, decreasing
with increasing polarity of solvents. Similarly, the extent of

60
40
- 20
IE 0
L 2
f =40 o :':(Uas)
- ® N-H(L
3 :22 o Gt
* C3=05
-100 A C3-N1
-120

0 10 20 30 40 50 60 70 80
dielectric constant ()

Fig. 5 Dependences of shifts in vibrational stretching frequencies of
formamide due to complexation (A(II — I) on dielectric constants of
solvents (&).

weakening nearly converges to a constant value in the case of
¢ > 10, as illustrated in Fig. 5.

3.2 AIM and NBO analysis

To gain more insight into the solvent effects on the interaction
between formamide and the bound water, the electron density
topological analysis based on the AIM theory is carried out
for all the monomers and the complexes studied here. Popelier
and Koch®*7 proposed some topological criteria based on the
AIM theory®®®® to detect and characterize hydrogen bonding.
The most prominent evidence of hydrogen bonding is: (i)
correct topological pattern (i.e., the existence of a bond critical
point (BCP) and a bond path); (ii) proper value of electron
density and Laplacian of electron density at this BCP. These
topologic properties calculated using the AIM2000 program
are listed in Table 2.

In terms of the AIM calculation results, two bond critical
points (BCPs) in the contact of formamide and the water
molecule are found for the complex in the gas phase and the
six solvents. One bond path of the two BCPs links the oxygen
atom of the water molecule and one amino hydrogen of
formamide and the other links the oxygen atom of the
carbonyl group of formamide and one hydrogen of the water
molecule, as visualized in Fig. 1. When passing from the gas
phase to the six solutions, the corresponding Laplacian values
of electron densities at the BCPs (V?p) vary within
0.0544-0.0974 a.u. and electron densities at the BCPs (p)
range between 0.0151 and 0.0291 a.u., much smaller than that
of a covalent bond. These results clearly indicate that the
NI1-H2---06 and O6-HS- - -O5 contacts are classical hydrogen
bonds (p &~ 1072 and positive V2p).%’" Compared with the
gas phase, the solvents decrease the electron density (p) at the
BCP of N1-H2- - -O6 hydrogen bond but increase the p value
at the BCP of the O6-H8- - -O5 hydrogen bond (see Table 2).
As a result, the H2---O6 distance is elongated while the
HS8---O5 distance is shortened by the solvents, as confirmed
by a good correlation between the p value and the H-bond
distance (see eqn (1)).

ro..m = 2.502 — 21.07pp..u; R = —0.994 @)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009

New J. Chem., 2009, 33, 1709-1719 | 1713


http://dx.doi.org/10.1039/b902149c

Downloaded by University of Belgrade on 02 January 2013
Published on 18 May 2009 on http://pubs.rsc.org | doi:10.1039/B902149C

View Article Online

The observations imply that the solvents enhance the
H-bonding of the O6-HS8---O5 contact but weaken the
NI1-H2---O6 contact, especially polar solvents.

To further understand the nature of solvent effects on the
hydrogen bond interaction, NBO analysis in the gas phase
and solutions have been carried out at the B3LYP/
6-311+ + G(d,p) theory level, based on the optimized structures
at the same level. The second-order perturbation energies
derived from the NBO calculation are presented in Table 3.
The NBO analysis reveals that the lone pair of the oxygen
atom of the water molecule (npg) interacts with the o
antibonding orbital of the proton donating N1-H2 bond
(6*n1-m2) of formamide (FMA) and the lone pair of oxygen
atom of the carbonyl group (ngs) of formamide (FMA)
interacts with the o antibonding orbital of the proton
donating O6-H8 bond of the water molecule (6*gg_pg) In
the gas-phase and solvated systems. The observation further
confirms the two H-bonds between the solute and the water
molecule. When going from gas phase to the solutions, the
second-order perturbation energies E® associated with these
interactions range from 4.61 to 3.13 kcal mol~! for npg(H,O)
- o*nim2(FMA) and from 6.92 to 8.25 kcal mol™! for
nos(FMA) — o6*06 ns(H,0). Compared with gas-phase, the
solvents increase the E(z)(no5(FMA) — 0% ns(H20)) values
but lowers the E2(nog(H,0) — o*ni_2(FMA)). The result
suggests that the solvent weakens the H-bond interaction
associated with ngg(H,O) — o*ni_p2(FMA) but enhances
the H-bonding of nos(FMA) — 6*0 ns(H20), in agreement
with the AIM analysis above. The E® value correlates well
with the electron densities in the H-bond critical points
(po...n), as shown in eqn (2).

E® = -2.195 + 352.41po...u; R = 0.996 )

The correlations presented in eqn (1) and (2) indicate that
the solvent induces variation of the electron density in the
intermolecular H-bonds (viz. po...y) by means of influencing
the intermolecular interaction associated with the nog(H,O)
g G*NI,HZ(FMA) and Ho5(FMA) hd G*Oﬁ,Hg(Hzo). As a
result, the hydrogen bond distances are changed.

3.3 Binding energies of the complex

Binding energies of complexes can yield direct estimation of
intermolecular interactions measured at the molecular scale.
Thereby, it would provide more direct information about
solvent effects on the interaction strength between the solute
and the water molecule. Table 2 lists two kinds of binding
energies obtained in terms of differences in electronic energies
and Gibbs free energies between the complex and the
monomer, respectively. As can be seen from Table 2, the
absolute values in the two classes of binding energies are
significantly different. However, the variation trends presented
by them are similar, both suggesting that the binding strength
is highest in the gas phase while the solvent weakens the
interaction strength, especially in polar solvents. Similarly,
the differences in the binding strength between different-
polarity environments gradually diminish with increasing
dielectric constant of the solvent. The solvent effect on the
binding energy in the present work differ from observations

from Zhou® which reported that the binding energies of 1 : 1
complexes of formamide with water increase with increasing
the solvent polarity, but consistent with findings from other
groups.'*1%37 Sneddon'* reported that the amide hydrogen
bond is more stable in CCl, than in water. Results from the
formamidine—formic acid complex also revealed that the
H-bond strength is reduced rapidly with increasing dielectric
constant.'”> Recently, Mennucci®’ reported that solvents
decrease binding energies of dimers, trimers and tetramers in
studying the structure of acetonitrile, formamide and their
mixtures in the liquid state.

Good linear correlations are observed between the binding
strength and the sum of two H-bond distances and the sum of
their electron densities, as shown in eqn (3)—(6).

AE = 21298 — 51.42> ro..u; R = —0.987 3)

AE = —109.01 + 2522155 po..4; R = 0995  (4)
AG = —187.7 + 47.79%ro..4; R = 0.985 5)
AG = 111.79 — 2349.105 po...1; R = —0.994  (6)

In terms of the series of correlations suggested by eqn (1)—(6),
we can explain the origin of non-specific solvent effects on the
binding strength between formamide and the bound water.
The solvent polarity first changes the intermolecular inter-
action associated with the nog(H-O) — o*ni_p2(FMA) and
nos(FMA) - o*0¢_ns(H-O), and then causes a decrease in
the total electron density in the BCPs of the two H-bonds and
accordingly increases the total distances of the two H-bonds.
Ultimately, the interaction of formamide and the bound water
molecule is weakened, as reflected by smaller AE and larger
AG. From these observations we can assume that the fact that
a polar solvent has a higher ability to remove protein-bound
water than non-polar solvent*®’! is partly attributed to its
marked role in weakening the H-bonds between the protein
and water.

3.4 NMR chemical shifts of hydrogen nucleus

The relationships between protein structure and NMR
chemical shifts have been studied extensively by experiments
and theories because NMR chemical shift predictions can
significantly aid protein structure and refinement.”>”> Since
the hydrogen nucleus is the most sensitive to environment,
solvent effects on hydrogen nuclear magnetic shielding
parameters have been the subject of experimental and theoretical
researches.'®171948:49.76.77 Herein, we also discuss effects of
the non-specific solvation and the specific H-bonding between
the solute and the water molecule on the 'H chemical shift
of formamide, aiming at supplementing experimental NMR
studies in non-aqueous enzymology.

3.4.1 Method analysis. For accurate calculations of
chemical shifts, an appropriate computational method and a
basis set should be chosen. During the last few decades, a
number of methods have been developed for calculations of
the NMR chemical shielding, and it is commonly accepted
that accurate prediction of these properties requires taking
into account electron correlation effects.”®® The most
popular method of incorporating electron correlation into

1714 | New J. Chem., 2009, 33, 1709-1719

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009


http://dx.doi.org/10.1039/b902149c

Downloaded by University of Belgrade on 02 January 2013
Published on 18 May 2009 on http://pubs.rsc.org | doi:10.1039/B902149C

View Article Online

shielding calculations has been DFT, since it not only covers
the electron correlation effect, but also is cost efficient.®? The
hybrid functional of Becke® and Lee, Yang and Parr,%*
known as B3LYP, continues to be among the most popular
functionals of DFT calculations of chemical shielding.3*8-8¢
However, some recent researches® %’ showed that several new
exchange—correlation functionals of DFT, such as KT3,%8
OPBE,** and OPW91,%! perform better than B3LYP in
calculation of chemical shielding. However, it should be noted
that these findings apply for absolute chemical shieldings with
the exception of H nucleus. To validate the performance of
B3LYP with respect to KT3, OPBE and OPW91 functionals in
predicting 'H chemical shift for the system under studied here,
we tested the four methods for isolated formamide monomer
in gas-phase, using 6-311+ + G(d,p) basis sets. The results are
listed in Table 4. As can be found from Table 4, '"H NMR
properties, either the absolute shielding or the relative shift,
are very similar for the four functionals. The observation
suggests that the hydrogen shielding or shift are quite
unaffected by different xc-functionals, as observed for many
other molecules as well.”%"°2 Therefore, the B3LYP
functional was still chosen for the NMR calculations in the
study. However, we also note that significant differences in
absolute shielding constants of carbon and oxygen nucleus are
evident between B3LYP and the three new xc-funtionals,
similar to some previous researches®'*”°* on absolute
shielding constants with respect to C, N, F and O nuclei.
Thus, caution should be taken when the absolute shielding
constant of the nuclei (with the exception of the H nucleus) is
calculated using the B3LYP functional.

In addition, we, herein, present a basis set analysis for
the 'H shielding constant and chemical shift for isolated
formamide the in gas-phase. We evaluate two basis set families
recommended by previous researches,®”>™° viz. Pople-type and
correlation-consistent basis sets, including 6-311+ + G(d,p),
6-311+ +G(2d,2p), aug-cc-pVTZ, aug-cc-pVQZ, aug-cc-pVS5Z
(see Table 5). Data in Table 5 clearly show that improvement of
the basis set leads to a decrease in the absolute shielding
constants and an increase in the chemical shifts. However,
the differences caused by these basis sets are small for the
'"H chemical shifts and shielding constants. Furthermore, the
"H chemical shifts calculated with the five types of basis sets
display similar dependence on the dielectric constants of solvents
(¢). Considering the fact that the NMR isotropic shielding

Table 5 '"H NMR isotropic shielding constants and chemical shifts
(in parentheses) of isolated formamide in the gas phase (B3LYP/
6-311 + +G(d,p) optimized geometry) calculated using B3LYP and
various basis sets

Basis set H2 H4 H9

6-311+ +G(d,p) 27.36 (4.61) 23.60 (8.37) 27.50 (4.61)
6-311+ +G(2d,2p) 26.97 (4.74) 23.22 (8.49) 23.04 (4.74)
aug-cc-pVTZ 26.85 (4.79) 23.11 (8.53) 26.83 (4.79)
aug-cc-pVQZ 26.75 (4.84) 23.06 (8.53) 26.72 (4.84)
aug-cc-pV5Z 26.70 23.03 26.66

“ Chemical shifts of hydrogen nuclei are referred to TMS. Because
TMS is too large for the NMR calculation using aug-cc-pV5z basis set,
the chemical shift calculated at the B3ALYP/aug-cc-pV5Z level can not
be obtained.  Results are in units of ppm.

constants are well converged using the aug-cc-pVTZ basis set,
only the results calculated at the B3LYP/aug-cc-pVTZ level are
presented in the following discussion.

3.4.2 Analysis of 'H chemical shifts. The calculated (GIAO
B3LYP/aug-cc-pVTZ) 'H chemical shifts of formamide for its
isolated form and the complexed form in the gas phase and in
the six solvents within the framework of the IEF-PCM model
are listed in Table S2 in ESL.f Fig. 6 and 7 show predicted
dependences of the variations in 'H chemical shifts caused
by the solvation and complexation on the solvent dielectric
constants, respectively. The calculated chemical shifts of the
formyl proton (dp4), either for the monomer or the complex,
changes very little on going from gas phase to the different-
polarity solutions. The Jy4 variations induced by solvents,
denoted as Adpg(sol — gas) = OJpu(in a given solution) —
Ona(in gas phase), ranges from 0.02 to 0.09 ppm, nearly
insensitive to the solvent polarity, as illustrated in Fig. 6.
NMR experimental results of formamide reported that the
Opa values are 8.12 for the gas-phase,'8 8.15 in tetra-
chloroethane (TCIE-d,) solvent,'® 7.99 in DMSO-d, solvent,'®
7.85 for water-d, solvent!® and 7.96 for neat solution
(viz. formamide solvent),'® as illustrated in Fig. 8. A similar
observation from dimethylformamide determination’’ also
shows that chemical shifts of the formyl proton are 8.02 for
CDCl; solvent and 7.95 for (CD3),SO solvent and 7.92 for
D,O solvent. Similar to our results, these experimental ob-
servations also reflect the insensitivity of the chemical shift of
the formyl proton to the solvent polarity. In contrast, the
result calculated shows that the solvent plays significant role in
the chemical shifts of amino protons, increasing their chemical
shifts both in the monomer and the complex. One exception is
the chemical shift of the H2 nucleus associated with the
H-bonding in the complex, which is decreased as the solvent
polarity increases. Significant variation in the dy values of
amino protons due to solvation are found on going from the
gas phase to CCly solvent and from CCly to THF, but no clear
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Fig. 6 Dependences of solvent-induced changes in 'H chemical shifts
of formamide (viz. Ady(sol — gas) = oy(in a given solution) — dy(in
gas phase)) on dielectric constants of solvents (&) in the monomer form
(—) and the complex (---), derived from GIAO B3LYP/aug-cc-pVTZ
calculation (B3LYP/6-311+ + G(d,p) optimized geometry). It is noted
that two curves, reflecting variation trends of the Adyg(sol — gas) in
the isolated form and the complexed state overlap, since their values in
the two forms are very similar.
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Fig. 7 Dependences of variations in 'H chemical shifts of formamide
upon complexation (viz. Ady(Il — I) = Jy (in complex) — Jdy (in
monomer)) on dielectric constants of solvents (¢), derived from GIAO
B3LYP/aug-cc-pVTZ calculation (B3LYP/6-311+ + G(d,p) optimized
geometry).
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Fig. 8 Dependences of solvent-induced variations in 'H chemical
shifts (Ady(sol — gas)) of formamide on dielectric constants of solvents
(¢), derived from experimental observations in the gas phase,'
tetrachloroethane (¢ = 10.36),'® dimethyl sulfoxide (¢ = 46.7),'¢ water
(e = 78.39)'® and formamide (¢ = 110)'® solution. The neat and water
solutions are referenced to internal dimethyl sulfoxide (6 = 2.5 ppm)

and the tetrachloroethane and dimethyl sulfoxide solutions, to internal
TMS (6 = 0.00 ppm).

variation on the oy of amino protons is observed as the solvent
polarity further increases (see Fig. 6). The dependency of
solvation shift (Ady(sol — gas)) on the dielectric constant of
environment qualitatively reproduce the experimental
trend'®'® from the gas phase to tetrachloroethane (¢ = 10.36),
dimethyl sulfoxide (¢ = 46.7), water (¢ = 78.39) and formamide
(¢ = 110), as shown in Fig. 8. When quantitatively compared
to the experimental shifts, the calculated values underestimate
the solvent effect. Probable reasons for this underestimation,
or at least for a part of it, are related with the PCM
computation model employed here. The PCM model is limited
to non-specific solute—solvent electrostatic interactions and
quantum mechanics (QM) ground states, so in principle, it is
difficult to quantitatively reproduce the experimental results,
which on the contrary include many other different aspects,
such as the specific hydrogen bonding, van der Waals effect
(mainly repulsive and dispersive interactions), temperature,
etc. However, previous investigations showed that errors

caused by these effects mentioned above are systematic in
nature and some error can be partly eliminated when relative
shifts are considered.3%#18 This error cancellation may be
one reason that the agreement between the calculation and the
experiment is often seen and assumed for relative variations in
molecular properties.**>!>* In fact, our main interest is to
present and analyze the variation trend of the molecular
property caused by the non-specific solvation for the
prototype compound, and accordingly to provide qualitative
information for enzymes in non-aqueous media. The qualitative
agreement observed between the calculation and the experiment
for the gas-to-solution chemical shifts can be used to cast light
on the stated purpose. An accurate analysis of the quantitative
agreement between the calculated and the experimental value
is beyond the scope of the present paper.

On the other hand, the differences in the Jy4 variations
owing to the H-bonding (Ady4(II — I)) between the gas phase
and the solvents are very small, varying within 0.05 ppm (see
Fig. 7 and Table S2 in ESI¥), suggesting its insensitivity to the
specific H-bonding between the bound water and the amino
group of formamide. Compared with the monomer, H-bonding
slightly increases the dyo value of the complex. However the
extent of the increase (viz. Adyo(Il — I)) is small and almost
unchanged from the gas phase to the six solvents (around 0.18
ppm), displaying independency on the solvent polarity (see
Fig. 7). As observed above, the solvent, in the complexed
form, leads the chemical shift of the H2 atom to be lowered
(see Table S2 (ESIY) and Fig. 6), opposite to the result in the
isolated form, implying remarkable effects of the H-bonding.
Not unexpectedly, the specific H-bonding upon complexation
results in a larger chemical shift for the H2 nucleus in the
complex than that in the monomer. The variation of Jy;
induced by the H-bonding (Ady,(I — I)) ranges from 2.68
to 1.50 ppm when going from the gas phase to the various
solutions. The solvent weakens the shift caused by the
H-bonding (viz. Adu,(I — 1)), especially polar solvents.
Similarly, in the high-¢ region (¢ > 10), the Ady(IT — I) values
are insensitive to the solvent polarity. Good linear correlations
between the Ad,(II — I) and the two H-bonding parameters
associated with the H2 atom (viz., the H-bond distance rog. . . 1>
and the electron density in the BCP of the H-bond pos...H2)
are obtained (eqn (7) and (8)), further revealing that it is the
H-bonding of O6- - -H2 contact that leads to an increase in the
Jonz of complex with respect to the monomer.

Adin(I — T) = 19.53 — 8.22r06.. 12; R = —0.993  (7)
Adi( — T) = —2.79 + 280.84pog..11; R = 0.996 (8)

In terms of these two correlations and some observations
obtained above, we can rationalize the dependence of the
Ady>(II — TI) on the solvent polarity. The solvent weakens
the H-bonding of the O6---H2 contact, and the higher the
solvent polarity, the greater the weakening (viz. the longer is
ros...n2 and smaller is pog...2). Therefore, the Ady(I1 — 1)
value is decreased as the solvent polarity increases, as shown
in Fig. 7. The specific H-bonding plays more of a role than
the non-specific solvation in influencing the Jy, value.
As a result, the Adg»(sol — gas) value in the complex decreases

1716 | New J. Chem., 2009, 33, 1709-1719

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009


http://dx.doi.org/10.1039/b902149c

Downloaded by University of Belgrade on 02 January 2013
Published on 18 May 2009 on http://pubs.rsc.org | doi:10.1039/B902149C

View Article Online

with increase of solvent polarity, opposite to the monomer
(see Fig. 6).

3.5 n — =¥ Vertical transition energies of formamide

UV spectroscopy is often another alternative tool to aid
molecular structure and gain insight into specific information
about solute-solvent interactions. Therefore, the electronic
spectrum of formamide has been the focus of considerable
interest for many years and is well understand in vacuo™>!
though in the solution phase it has been less studied experi-
mentally due to the complex nature of solute-solvent inter-
action.?® Results from experimental studies on formamide in
ACN solution®*?° and some simple amides in water and
cyclohexane solutions®”-* already showed that solvents have
a profound effect on their electronic spectra. In addition, the
electronic spectrum of formamide in some solutions has been
addressed by some theoretical researches using some discrete
and continuum solvation models,?* > but mainly focused on
aqueous solutions. In the work, a specific H-bonding is formed
between the carbonyl group of formamide and the bound
water. Therefore, it is interesting and important to understand
roles of the non-specific solvation and the specific H-bonding
in the n — 7* transition associated with the carbonyl group of
formamide.

The electronic spectra of formamide and its monohydrated
complex in the six solvents are calculated using the polarized
continuum TDDFT model (PCM-TDDEFT) at the B3LYP/
6-311+ + G(d,p) level, based on the PCM optimized geometries.
It has been demonstrated that PCM-TDDFT calculations
can yield reasonable predictions on excitation energies in
solution. 2483051 The nu* transition energies calculated are
listed in Table 6. Compared with the calculated value in the
gas phase, the solvents lead to the nn* state to be blue-shifted
in both the monomer and its monohydrated complex. The blue
shifts upon the solvation (AE, _, +(sol — gas)) are in the range
of 0.04-0.13 eV for the monomer and 0.03-0.09 eV for the
complex, depending on the solvent polarity. The blue shift
induced by the nonpolar solvent (CCl,) is obviously smaller
than that caused by the polar solvents. Furthermore, the shift
from the nonpolar solvent (CCly) to the low-polarity solvent

Table 6 Computed TDDFT n — r* transition energies (E,_, r*,
in eV) at the B3LYP/6-311 + + G(d,p) level in the gas phase and in the
six different solutions within the framework of the IEF-PCM model
for formamide in the isolated monomer (I) and in the complex (II) and
variations of n — w* transition energies upon solvation (AE,_, =
(sol — gas), in eV) and upon complexation (AE, _, (Il — I), in eV)*

Solvents  E,_, = AE, _, +(sol — gas) AE, (I — 1)
| I 1 I
GAS 561 576  0.00 0.00 0.15
CCly 565 579 0.04 0.03 0.14
THF 571 583  0.10 0.07 0.12
ETH 573 584 0.12 0.08 0.11
ACN 573 585  0.12 0.09 0.12
DMSO 573 585 0.12 0.09 0.12
WAT 574 585 0.13 0.09 0.11

“ I denotes the monomer; I denotes the complex; AE, _, .«(sol — gas) =
E,_ «(in a given solution) — E,_, «(in gas phase); AE, (Il — I) =
E,_ .+ (in complex) — E,_, .+ (in monomer).

(viz. THF) leads to a relatively significant blue-shift but no
further blue-shift is seen on going from tetrahydrofuran to the
other more polar solvents (such as ETH, ACN, DMSO,
water), as shown in Table 6. The blue-shift of the nrn*
transition upon solvation is also reported by some theoretical
studies on formamide in aqueous solution.?*?! Accurate
determination of solvent effects on the nn* transition of
formamide is difficult experimentally and reliable experimental
data is lacking. The experimental work of Nielsen and
Schellman showed this shift in transition energies to be small
and a blue-shift of approximately 0.2-0.4 eV for the nn*
transition is observed for some simple amides in aqueous
solution.’” In addition, the predicted dependency of the
n — 7* transition energies on the solvent polarity is in
qualitative agreement with experimental observation® on the
UV/vis spectra of 1,1’-di-n-octyl-4,4’-bipyridinium diiodide in
three types of solvents (viz. dichloromethane, methanol and
water). The result from the experiment shows that the solvent
causes Apax of the main absorption bands to be blue-shifted
and the shift is more obvious in methanol and water solutions
than in dichloromethane, with the A,,.x difference between
methanol and water environment not being significant,
just ~0.05 eV, and significantly smaller than that between
dichloromethane and methanol solution (~0.09 eV).

As shown in Table 6, the blue shift induced by the polar
solvents (AE,_ «(sol — gas)) is smaller in the complex
(0.07-0.09 eV) than that in the corresponding monomer
(0.10-0.13 eV), indicating that the H-bonding between the
bound water and the solute would weaken the blue shift.
Compared with the monomer, the nt* transition energy of
the complex is larger, suggesting that the specific H-bonding
increases the nr* transition energy. The solvent slightly weak-
ens the blue-shift induced by the H-bonding (see AE,, _, «(I1 — I)
values in Table 6), but not significantly. Polar solvents play a
slightly more significant role than the nonpolar solvent (carbon
tetrachloride) in weakening the AE,, _, .«(I1 — I) values owing to
their high ability in lowering the hydrogen bond strength, as
confirmed by the observations above.

4. Conclusions

In this work, we applied the IEF-PCM model to study isolated
formamide and its monohydrated complex in six different
solutions owing to their implication for enzymes in organic
media. The roles that the non-specific solvation and the
specific H-bonding associated with the bound water play in
influencing geometries, vibrational frequencies, binding ener-
gies, 'H chemical shifts and n — 7* transition energies, are
discussed for formamide. Natural bond orbital (NBO) and
atoms in molecules (AIM) theories are used to analyze the
nature of H-bond interactions and the origin of solvent effects.
The results indicate that the structure of formamide in solvents
does not deviate much from gas-phase structure. However,
significant blue-shifts of vibrational frequencies are observed
for the C-N and C—H bonds whereas the other bonds show
red-shifts due to the non-specific solvation and the specific
H-bonding. In addition, the two effects increase the 'H
chemical shifts of the amino protons and the n — 7* transition
energy, while the chemical shift of the formyl proton is nearly
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unchanged. The binding strength between the solute and
the bound water is weakened by the non-specific solvation,
especially in polar solvents. Therefore, it can be assumed that
the enzymatic activity should be relatively low in polar
solvents compared to non-polar solvents, since the bound
water plays an important role in activating enzymatic activity
in organic media, as confirmed by some experiments.*’

Major differences between the complex and the monomer
are mainly found in the frequencies and the chemical shift of
the amino proton directly involved in the H-bonding and to a
smaller degree in other properties examined. With increasing
of the dielectric constant of solvent, these differences diminish,
for the reason that the solvent weakens the H-bonding. In
addition, the H-bonding also weakens the solvent effect
through the specific intermolecular interaction, implying that
the residual water plays an important role in modulating the
structure and activity of enzymes in organic solvent.

In summary, compared with nonpolar solvents, polar
solvents have a more obvious effect on the molecular properties.
Furthermore, all the variations display a large dependency on
the dielectric constant up to a value of ~ 10, after which no
further changes are observed. Although our study refers to
QM ground states, which may be different from the actual
situation at room temperature, some systematic errors derived
from the difference may be partly cancelled when the relative
variations are considered. Indeed, some variation trends
predicted in the work are found to be qualitatively consistent
with experimental observations, thus the results from this
work could offer some insight into enzyme structure and
function in organic media.
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