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The hydrogen-bonding interactions between thioacetamide (TA) and urea derivatives such as tetramethylurea
(TMU) and dimethyldiphenylurea (DMDPU) have been studied using near-infrared absorption spectroscopy.
Thermodynamic parameters for the interactions between TA and urea derivatives were determined by analyz-
ing the v+ Amide II combination band of TA at 1970 nm. The AH® values, indicating the intrinsic strength
of hydrogen bonding, are —23.0 kJ/mol and - 19.8 kJ/mol for TMU and DMDPU, respectively. This is well
explained by the inductive effects of substituents. Ab initio molecular orbital calculations for the proton affinity
of TMU, N,N-dimethylformamide (DMF), and N,N-dimethylacetamide (DMA) in gas phase have been carried
out at HF/3-21G ad HF/6-31G(d) levels, showing that the proton affinity of TMU is larger than that of DMA,

which agrees with the experimental results.

Introduction

Aqueous urea solution has been extensively investigated
experimentally, but also theoretically by molecular simu-
lations. Urea is highly soluble in water;' it increases the
solubility of hydrocarbons in water’ and denaturates pro-
teins.® These properties have been rationalized with different,
mutually exclusive several models of the hydration.*” One
of the models is the indirect mechanism where urea alters
the ordinary pure water structure in the vicinity of solutes.*
The urea acts as a breaker of water structure. Another
mechanism is the direct mechanism;’ the hydrocarbons are
solvated by both urea and water molecules and the for-
mation of urea dimers and oligomers is central.

Urea-water mixtures have also been studied in several
molecular simulations.®® Kuharski and Rossky argue strong-
ly against the role of urea as a water structure breaker.” In a
simulation of urea and an apolar solute in water, the authors
find that direct interaction between urea and the apolar
solute dominates over the indirect solvent reorganization en-
ergy. This supports the direct mechanism, where hy-
drocarbons are solvated by both urea and water molecules.
Tanaka et al. also found that one urea and water molecule
could be solvated by both urea and water molecules without
distorting the water structures and the tightly bound urea
dimers become important with increasing concentration.’
However, Cristinziano et al. found the dimer to be unstable
in solution and argued a solvent separation of the urea dim-
er by calculating the energetics of urea dimers in water
clusters.®* Finney and Tumer have pointed out an in-
consistency in the structure of urea solutions between simu-
lations and neutron scattering experiments.” The simulation
fails to reproduce the oscillatory behavior and the location
of the maximum in the total nitrogen radial distribution
function. )

The effect of urea derivatives, e.g. tetramethylurea (TMU),

*To whom correspondence should be addressed.

on the water structure has also been the subject of con-
trasting opinions. TMU is one of the few urea derivatives
that are liquid at room temperature, and is miscible in all
proportion with water. Barone et al. report that TMU and
other urea derivatives act as water structuring agents,
while the urea acts as a water-breaking agent." However,
Subramanian et al. used the chemical shift of 'H NMR,
suggesting that dimethylurea and TMU in aqueous solu-
tion show the structure making behavior until the con-
centration of TMU is reached to 2 M, but becomes struc-
ture-breaking at higher concentration than 2 M."' More re-
cently, Jancsé et al. employed small-angle neutron scatt-
ering (SANS) technique to study the hydrophobic in-
teraction in aqueous TMU solution, suggesting that the
structure of water is altered until the volume fraction ratio
of TMU to water is 0.07." Therefore, in spite of
numerous works, the exact mechanism for the protein
denaturation process of urea and its derivatives in water
still remains to be elucidated.

In this work, we try to understand the hydrogen bonding
effect of urea on denaturation of protein. Thioacetamide
(TA) is selected as a simple protein mimic model and the
hydrogen bonding ability of TMU with TA in CCl, solu-
tion has been investigated using near-infrared spectroscopic
technique. The hydrogen bonding ability of urea is ex-
amined by using dimethyldiphenylurea (DMDPU). The pro-
ton affinity (PA), a measurement of its basicity, is defined
as the enthalpy change at 298.15 K for the protonation pro-
cess. The enthalpy change for TMU(g)+H*(g) — TMUH"(g),
PA of TMU, is an important parameter for understanding
the fundamental nature of hydrogen bonding interaction.
The structural data as well as the proton affinity have been
calculated to analyze what factors affect the basicity of
TMU toward the hydrogen bonding. We also carry out ab
initio calculation for the amides such as N N-di-
methylacetamide (DMA) and N,N-dimethyformamide
(DMF) in order to consider the effect of substituent on the
molecular properties.
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Experimental

TA (Riedel-deHaen, 99%) was dried at room temperature
under reduced pressure for 24 hours and used without furth-
er purification. TMU (Aldrich, 99%) and CCl, (Barker,
HPLC grade) were dried over 4 A molecular sieves. The
mole ratio of TMU and DMDPU to TA is 1:6 and 1:5,
respectively, in CCl4 to measure the equilibrium constants
for the formation of 1:1 complex in the temperature range
of 5-45 °C.

The near-IR absorption spectra of TA were obtained with
Cary 17D spectrophotometer (Varian Co.), using 10 cm
path length cylindrical quartz cell. The bands due to TMU
and solvent were eliminated by placing a matching cell con-
taining equal amounts of proton acceptor in the path of the
reference beam. The sample and reference cells were placed
in a jacketed cell-holder connected to a constant tem-
perature bath. The temperature fluctuation during the meas-
urement was less than +0.2 °C.

All calculations have been performed using Gaussian 94
W program.

Results and Discussion

Near-infrared spectroscopic studies on the hy-
drogen bonding ability of TMU and DMDPU. In
order to study the hydrogen bonding of TA with urea deri-
vatives in CCl,, the near infrared absorption spectroscopic
technique has been employed. The combination band of an-
tisymmetric N-H stretching (V) and Amide II (the com
bination band of 60% N-H bending vibration and 40% C-N
stretching vibration) of TA in the region of 1950-1990 nm
has been chosen, because this vy +Amide II combination
band has a larger molar absorption coefficient compared
with the other bands, and is not interfered by other overtone
or combination bands.

The vyy+Amide 11 combination band of TA:TMU in
CCl, as a function of temperature and concentration is
shown in Figure 1 and Figure 2, respectively. The ab-
sorption spectrum of TA(4 mM)TMU(24 mM)/CCl, as a
function of temperature are shown in Figure 1(a). The ap-
pearance of an isosbestic point indicates an equilibrium of
only two species, monomeric and hydrogen-bonded TA.
The hydrogen-bonded complex should be the 1:1 TA:
TMU complex. In the temperature range between 5 °C and
45 °C and at this concentration ratio, the formation of an 1:
2 hydrogen-bonded complex was not observed. An intense
peak at 1965 nm (5089 cm ') and a shoulder at 1971 nm
(5076 cm ') were assigned to monomeric TA and the hy-
drogen-bonded TA, respectively. The spectrum was resolved
into its two Gaussian-Lorentzian product components, each
of which was defined by the following equation,"

AWy =X,[1+X7 (v-X) " exp[-X7 (v— X)) M

where A(v) is the absorbance at frequency v, X is the peak
height at v,,,, X, is the frequency at band center (V,..), X;
is 1/b, (b, is the Lorentzian full width at half maximum),
and X, is VIn2/b; (b is the Gaussian full width at half max-
imum). A modified simplex search algorithm was used for
curve fitting. The program terminates its iteration when chi
square is less than 1< 10 °.
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Figure 1. (A) The v, +Amide II combination band of TA(4
mM)/ TMU(24 mM)/CCl, as a function of temperature. As the
temperature increases, the intensity of the band at 1965 nm in-
creases while the intensity of the shoulder at 1971 nm decreases.
(B) The resolved vy +Amide II combination band at 25 °C. Filk
ed squares (M), dashes line (--), and dots (---) respresent the
measured absorption spectrum, resolved band of monomeric TA,
and resolved band of hydrogen bonded TA, respectively. The
full line is the sum of resolved monomeric and hydrogen bonded
TA bands.

The deconvoluted spectrum of TA(4 mM)/TMU(24 mM)/
CCl, at 25 °C are shown in Figure 1(b). As the temperature
increases, the area of the monomeric TA band increases,
but that of the 1:1 complex decreases. It implies that the e-
quilibrium constant for hydrogen-bond formation becomes
smaller and the reaction is exothermic. According to the pre-
vious study, the spectrum of TA/CCl, shows a band at the
position of the hydrogen bonded-TA band, which has not
been identified yet."* The area of this unknown band is 22.
7% of total monomer band area. The area of hydrogen
bonded TA band was corrected by subtracting the area of
the unknown band.

The equilibrium for the hydrogen bond formation and its
equilibrium constant K are represented by the following e-
quations:

(A) [TMU]=16.0 mM (B) [TMUJ=21.4 mM
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Figure 2. The resolved vy’y+ Amide II combination band of TA
for 1:6 TA:TMU in CCl, solutions at 25 °C. TMU concentra
tions are (A) 16.0 mM, (B) 21.4 mM, (C) 26.8 mM, and (D) 37.4
mM TA, respectively.
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TA+ = TMUTA---TMU
__ [TA-TMU]
[TA]free [TMUJe

where [TA---TMU] is the concentration of the hydrogen-
bonded TA, [TA.. is the concentration of monomeric TA,
and {TMU]g,. is the concentration of the free proton ac-
ceptor. The ratio of [TA---TMU] to [TA]free is directly ob-
tained from the area of the two resolved bands, and the
linear fit for the [TA---TMUJ/|TA---TMU] vs. [TMU].
plot yields the equilibrium constant. Figure 2 shows the
deconvoluted spectrum as a function of TA concentration at
25 °C, showing that the area of 1:1 complex band in-
creases with increasing TA concentration. The mole ratio is
enough small so that the 1:2 formation is negligible.

The value of the equilibrium constant determined at vari-
ous temperature has been plotted as In K vs. 1/T (van't Hoff
plot) as shown in Figure 3. The AH° was calculated from
the slope of a least-square fitted line for the data points.
The equilibrium constants for TMU and DMDPU as a func-
tion of temperature are in Table 1. The value of AH® and
AS° are in the same table. The AH° for TMU and DMDPU
are —23.0 kJ/mol and - 19.8 kJ/mol, respectively. The e-
quilibrium constants, AH °, and AS° of DMA and DMF are
also listed in Table 1.

Thermodynamic parameter AH® listed in Table 1 in-
dicates that the nature of substituents on either side of am-
ide group influences the strength of the hydrogen bond. To
a large extent, the chemical properties of amides are det-
ermined by resonance structure. When the methyl group is
replaced by N(CH,), which is more electron donating group
than the methyl group, the increased electron density of ox-
ygen atom is expected, which leads an increase of basicity.
This explains why —AH° of TMU is larger than that of
DMA. When methyl group of TMU is replaced by phenyl
group which is more electron withdrawing group, the de-
creased electron density on oxygen leads to a decrease in
the basicity of amide, which explain our results of DMDPU.
Thus the inductive effect of substituents on the oxygen
charge density is directly related to the intrinsic strength of
hydrogen bonding.

Le Questel er al. reported the basicity of secondary and
tertiary amides, ureas, and lactams for the formation of 4-
fluorophenol-base hydrogen-bonded complex using IR spec-
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Figure 3. The van't Hoff plot for the TA:TMU and TA:
DMDPU 1:1 complex formaion.
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Table 1. Thermodynarmic parameters for the formation of TA-
urea derivative and TA-amide hydrogen-bonded complexes in
CCl, solution

KM —AH®  -AS

5°C 15°C 25°C 35°C 45 °C (kJ/mol) (J/mol-K)

TMU 760 546 394 297 215 23.0(+04) 46.8(%1.4)
DMDPU 60.9 45.6 340 27.1 205 19.8(+0.4) 37.2(+13)
DMA® 756 654 513 421 353 144(+17) 155(+15)
DMF® 847 69.8 583 480 40.8 13.4(+02) 10.6(+0.7)

“Ref. 13(c), "Ref. 13(a)

troscopy.'* They observed that TMU is not more basic than
DMA. Therefore, in order to confirm the electron-donating
effect of N(CHs),, we have carried out ab intio calculations
as follows.

Ab initio quantum mechanical calculation. All
the structures were optimized at the restricted Hartree-Fock
level using the standard split-valence-shell basis sets. And
the vibration frequencies were calculated to obtain the zero
point vibrational energies (ZPVE) for the corrections of the
thermodynamic data.

The proton affinity (PA) of a molecule can be defined as
the enthalpy change, — AH, at 298.15 K for the process B
(g)+H*(g)— BH*(g), where B is the base. The PA is a meas-
ure of the intrinsic basicity of the base toward the proton.
From molecular orbital calculations, the proton affinity is e-
quated as follows:

AE =E (products ) — E (reactants)

= AE;;eC + AZPVE + AF,;, (298.15K) - (3/2) RT (2)
PA(B)=—-AH 5y ;5
= —AE;‘,C —AZPVE — AE,, (298.15K)+ (5/2)RT (3)

where AZPVE is the zero-point vibrational energy change,
AE,;(298.15 K) is the vibration energy change at 298.15 K,
and E,;,. is the electronic energy change.

The geometric parameters of optimized TMU are listed in
Table 2. The geometry optimization has been carried out
for DMA and DMF as well. The protonated TMU, DMA,
and DMF are optimized, and their optimized geometry para-
meters are also presented in Table 2. The optimized molec-
ular geometries of DMA and DMF are both planar, but
TMU has a pyramidal configuration about the nitrogen a-
toms.

The structures of urea and its derivatives were believed to
be planar because the C-N bond has a partial double-bond
character. Experimental X-ray and neutron diffraction data
show a planar structure for the urea molecule in the crystal
structure."” Recently, the crystal structure of the complex of
N,N'-bis(4,4'-difluoro-2-biphenyljurea with TMU has been
determined by single crystal X-ray diffraction, showing that
the nearest environment for the N atoms is planar.'® The
structure of TMU in CCl, solution has been identified to be
planar by NMR spectroscpy.”’” However, the microwave
spectrtum of the urea in gas phase indicates a nonplanar
structure./8 Recent ab initio calculation shows that the am-
ino group of the urea and its derivatives in gas phase have
a pyramidal structure.'*” In this work, we have confirmed a
pyramidal configuration about the nitrogen atom for the ful-
ly optimized TMU in gas phase.
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Table 2. Calculated geometrical parameters for TMU, DMA,
DMF and protonated TMU, DMA, DMF

<|:|>‘ c 4 H g
CHy, N{C‘q . Ha H’C’\rf;c s o /Cz\N;CHg
o Ly CHy CHy
HEF/3- HF/6-31G(d) HF/3-21G HF/6-31G(d)
T™U Protonated TMU
Bond length (;\)
C2-01 1.222 1.202 1.335 1.309
C2-N3 1.378 1.380 1.313 1.317
N3-C5 1.463 1.451 1.488 1.473
N4-C6 1.466 1.453 1.488 1473
Bond angle (deg)
O1C2N3 1221 122.0 111.8 112.2
C2N3C5 117.1 1155 126.4 126.2
C2N3C6 1222 120.7 117.0 116.9
Dipole moment (D)  3.672 3.394 1.921 1.700
DMA Protonated DMA
Bond length (A)
C2-01 1.222 1.204 1.323 1.294
C2-N3 1.358 1.356 1.280 1.283
N3-N3 1.463 1.452 1.495 1.479
Bond angle (deg)
O1C2N3 121.0 1213 1155 1163
C2N3C5 124.1 123.8 1223 1219
C2N3C6 115.8 116.0 119.0 119.0
Dipole moment (D) 4.113 4.052 2.128 1.910
DMF Protonated DMF
Bond length (A)
C2-01 1.216 1.197 1.311 1.288
C2-N3 1.350 1.356 1271 1.272
N3-N3 1.463 1.452 1.502 1.484
Bond angle (deg)
O1C2N3 124.6 125.0 119.2 120.3
C2N3C5 120.4 120.1 120.2 119.9
C2N3C6 117.6 117.8 119.7 119.9

Dipole moment (D)  4.292 4.231 2.808 2.620

Recent studies show that when the oxygen of amide
group rather than the nitrogen atom is protonated, the pro-
tonated amides and urea become more stable.”*? Therefore,
the geometry of protonated molecule has been optimized for
the oxygen site protonation, showing that the heavy atom
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skeletons of protonated amides and TMU lie close to the
plane. As protonated, the C-O bond lengths are increased
and the C-N bond lengths are decreased. In the case of
TMU, the C-O bond is lengthened by 11.3% and 10.5%
and the C-N bond is shortened by 6.5% and 6.3%, respec-
tively, with HF/3-21G and HF/6-31G(d) basis sets. As pro-
tonated in DMA, the C-O bond lengths are increased by
10.1% and 9.5%, and the C-N bond lengths are decreased
by 7.8% and 7.3%, respectively, with HF/3-21G and HF/6-
31G(d) basis sets. In the case of DMF, the C-O bond is
lengthened by 9.5% and 9.1% and the C-N bond is shor-
tened by 7.9% and 7.4%, respectively, with HF/3-21G and
HF/6-31G(d) basis sets. The structural parameters of DMA
and DMF are found to be consistent with those of Wiberg
et al® The calculations show that as protonated, the bond
length of C-O and C-N are increased and decreased, respec-
tively, following the order of TMU>DMA >DMF.

The PA of TMU, DMA, and DMF at HF/3-21G and HF/
6-31G(d) levels are reported in Table 3, showing that the
PA increases in the order of TMU>DMA >DMF, which is
consistent with our experimental result in CCl, solution.
One might expect to correlate the basicity of amides with
the oxygen charge; the greater the electron density on the
oxygen atom, the greater its basicity. We obtain the Mul-
likan atomic charge of oxygen atom as —0.626, —0.619,
and - 0.578 for optimized TMU, DMA, and DMF, respec-
tively. There is a good correspondence between charge car-
ried by the oxygen and the gas phase basicity. It is evident
that the electrostatic interaction is dominant in the strength
of hydrogen bonds. We conclude that the ab initio PA cal-
culations in gas phase can serve as a basis for analyzing the
factors which influence the hydrogen bonding formation in
CCl, solution.

In summary, the hydrogen-bonding interactions between
thioacetamide (TA) and urea derivatives such as tetramethy-
lurea (TMU) and dimethyldiphenylurea (DMDPU) in CCl,
solution have been studied experimentally using near-in-
frared absorption spectroscopy. Thermodynamic parameters
for the interactions between TA and urea derivatives are det-
ermined by analyzing the vy, +Amide II combination band
of TA at 1970 nm. The AH® values are measured to be
—23.0 kJ/mol and - 19.8 kJ/mol for TMU and DMDPU,
respectively. Ab initio molecular orbital calculations for the
proton affinity of TMU, N,N-dimethylformamide (DMF),
and N,N-dimethylacetamide (DMA) in gas phase have been
carried out using HF/3-21G and HF/6-31G(d) basis sets,
showing that the proton affinity is in the order of TMU>

Table 3. Calculated zero-point vibrational energy (ZPVE), electronic energy (E...) and proton affinity (PA) for TMU, DMA, and DMF
with protonated species at HF/3-21G and HF/6-31G(d) levels (1 hartree=2625 kJ/mol)

HF/3-21G HF/6-31G(d)
ZPVE (hartree)” E,.. (hartree) PA (kcal/mol) ZPVE (hartree)’ E... (hartree) PA (kcal/mol)
Poomted TMU o202 amssoots OB Gonoss  xpassors 8
e
o LT s ame s g

“HF/3-21G and HF/6-31G(d) harmonic vibrational frequencies scaled by 0.891.
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DMA >DMF. We found that the proton affinity in gas
phase and the hydrogen bonding ability in CCl, solutions
are correlated well with each other.
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