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Gas-phase Acidity of Urea
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Department of Chemistry, Purdue University, West Lafayette, IN 47907-1393, USA

The kinetic method was applied to the estimation of the gas-phase acidity of urea by generating proton-bound
dimeric anions comprised of urea and various reference compounds using negative ion desorption chemical ioniza-
tion and examining their dissociation upon collision in a triple quadrupole mass spectrometer. The individual
mass-selected dimers fragment to yield the two deprotonated anions as the only product ions. From the relative
product ion abundances, is determined to be 1513.8 » 12 kJ mol—1, is 85.8 » 8 J mol—1 K—1 andDH

acid
DS

acidis estimated to be 1488.2 » 14 kJ mol—1 at 298 K by using where theDG
acid
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acidand values are determined directly from the kinetic method plots. The experimental value is in goodDS
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acidagreement with a value of 1520.5 kJ mol—1 obtained from G2 molecular orbital calculations. 1998 John Wiley(

& Sons, Ltd.
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INTRODUCTION

We report the application of the kinetic method to the
determination of the gas-phase acidity of urea,(*Hacid)viz. the enthalpy change associated with the deprotona-
tion reaction H2NC(O)NH2] H`] H2NC(O)NH~.
The corresponding free energy change, i.e. *Gacid ,
referred to 298 K as are all data in this paper, is also
reported. Urea derivatives are of great biological
interest1h4 and urea itself is widely used to denature
proteins in studies of folding/unfolding equilibria.5h7
Nevertheless, in contrast with extensive condensed-
phase studies, little attention has been paid to the gas-
phase properties of urea, including thermochemical
properties of fundamental importance in understanding
its reactivity. The proton affinity and gas-phase basicity
of urea were determined recently to be 873.5^ 5 and
841.6^ 5 kJ mol~1 by using the kinetic method ;8 these
results are consistent with equilibrium measurements4
and with theoretical calculations.8,9 However, the gas-
phase acidity of urea has not been reported in the liter-
ature, except for a single value cited as a personal
communication from R. W. Taft in Ref. 10. This study
was intended to address this deÐciency by application of
the kinetic method.

The kinetic method is a procedure for estimating
thermochemical information based on the rates of com-
petitive dissociations of mass-selected cluster ions.11,12
The technique involves forming a dimeric species, in this
case the proton-bound dimeric anion, [A~H`B~],
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where A~ and B~ are the reference and unknown
anions. The cluster ion is mass-selected and allowed to
undergo collision-induced dissociation. Fragmentation
yields the corresponding monomeric anions, A~ and
B~.

Theoretical treatments, given elsewhere,13h15 show
that under appropriate conditions, the acidities of AH
and BH can be obtained from the relative abundances
[A~] and [B~] of the product ions A~ and B~, accord-
ing to the approximate relationship

ln
Ak1
k2

B
\ ln

[A~]
[B~]

B
*(*Gacid)

RTeff
(2)

where R is the gas constant and is the e†ective tem-Teffperature of the activated dimer, a measure of the excess
of the internal energy per degree of freedom.16 If AH
and BH are structurally similar, the entropy di†erence
between the two competitive dissociation channels may
be negligible and under these circumstances the
logarithm of the ratio of the two reaction rates is simply
proportional to the enthalpy di†erence, *(*Hacid) :

ln
Ak1
k2

B
\ ln

[A~]
[B~]

B
*(*Hacid)

RTeff
(3)

For systems in which the reference compounds are suffi-
ciently di†erent from the compound of unknown ther-
mochemistry, di†erential entropic contributions will
result in the logÈlinear relationships of Eqns (2) and (3)
failing. A simple test for this failure is to vary byTeffvarying the activation conditions. If this results in a
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944 S. MA, F. WANG AND R. G. COOKS

change in the measured values of or*(*Gacid) *(*Hacid),a di†erential entropic contribution is operating. Under
these circumstances, an extended form of the kinetic
method14,15 should be used to separate the enthalpic
and entropic values. This is achieved by substituting
*G\ *H [ T*S into Eqn (3), which then becomes

ln
Ak1
k2

B
\ *Hacid(AH)

RTeff
[
C*Hacid(BH)

RTeff
[*(*S)

R
D

(4)

where the term in the brackets represents an apparent
gas-phase acidity of the neutral compound BH, deÐned
by

*Gacidapp (BH)\ *Hacid(BH)[ Teff *(*S) (5)

where *(*S) is the di†erence in the entropy change for
the two dissociation channels of the dimer to give the
products B~ and A~, respectively. Note that provided
the dissociation of the dimer goes through a product-
like transition state, *(*S) B *(*Sacid) \ *Sacid(BH)

i.e. it equals the di†erence in the entropy[ *Sacid(AH),
changes for the deprotonation of BH and AH. Since
weak bonding and a product-like transition state are
normally pre-conditions for application of the kinetic
method, this requirement is normally met and entropic
di†erences measured for dissociation of the dimeric ions
yield, to a good approximation, entropy di†erences for
deprotonation of the corresponding monomers. The
value of the gas-phase acidity, and the*Hacid(BH),
entropy change di†erence, can be extracted*(*Sacid),from the linear regression line based on a plot of

against (Eqns (4) and (5)).*Gacidapp (BH)/RTeff 1/RTeffThe kinetic method has been successfully applied to a
wide range of chemical systems for the determination of
various thermochemical properties, including proton
affinity and gas-phase basicity,17h20 metal ion affin-
ity,21h25 polyatomic cation affinity,26h29 ionization
energy30 and electron affinity.31 The method has recent-
ly been applied to stereoisomeric distinction.32h34 Rele-
vant to this study, the kinetic method has also been
applied in the determination of gas-phase acidities of
carboxylic acids,35,36 alcohols37 and amino acids.38 In
addition, Majumdar et al.39 and Haas and Harrison40
have demonstrated the application of the kinetic
method to the study of stereochemical e†ects on *Gacidvalues. For example, cis-2-methylcyclohexanol is found
to be more acidic than the trans isomer by
4.2 kJ mol~1.39 The strength of the kinetic method is
the simplicity of the procedure, its ready implementa-
tion, its sensitivity to small thermochemical di†erences
(0.5 kJ mol~1) and its applicability to polar and non-
volatile compounds, including multifunctional and bio-
logical molecules. In spite of the strengths and successes
of the method, it must be applied with care if reliable
data are to be obtained. This study illustrates how this
can be achieved in the case of a simple molecule of bio-
logical interest.

EXPERIMENTAL

Experiments were performed using a Finnigan TSQ 700
triple quadrupole mass spectrometer (Finnigan MAT,

San Jose, CA, USA). All compounds were commercially
available (Aldrich Chemical, Milwaukee, WI, USA) and
were used without puriÐcation. Samples were prepared
and introduced by depositing a 1 ll aliquot of a mixture
of urea and a reference compound in methanol solution
on the rhenium wire Ðlament of a direct evaporation
probe. The temperature of the probe was raised from
ambient to 300 ¡C in 1.2 min, then kept constant for
0.5 min before being raised to 1200 ¡C in 0.2 min to
pyrolyze any remaining material. The cluster anion of
interest (formally a proton-bound dimer of two anions)
was generated in the ion source by negative ion desorp-
tion chemical ionization (DCI) using ammonia as
reagent gas ; it was mass-selected using Q1, and disso-
ciated in Q2 at three di†erent laboratory collision ener-
gies, 2, 6 and 10 eV, using argon at a nominal pressure
of 0.4 mTorr (1 Torr \ 133.3 Pa), which corresponds to
single collision conditions.41 The mass-to-charge ratios
are reported here using the Thomson unit
(1 Th \ 1 Da/unit charge).42

Standard ab initio molecular orbital calculations were
carried out using the G2 procedure in the Gaussian 94
set of programs without any symmetry constraints.43 As
the best known of the precise theoretical models,
Gaussian-2 (G2) theory44 is based on MP2 (FU)/6È
31G\ geometries using all electrons and the Ðnal total
energies are calculated at the MP4SDTQ/6È311G\\
level with corrections from higher level calculations.
Thus, gas-phase acidities are generally obtained with an
accuracy of 10 kJ mol~1 by the G2 method.45h47

RESULTS AND DISCUSSION

In order to estimate the gas-phase acidity of urea
experimentally, a series of compounds with known
acidity10 were chosen as references. The compounds
and their 298 K values, included acetophenone*Gacid 1,1-dimethylurea(*Gacid\ 1483.2 kJ mol~1), (*Gacid\

o-Ñuoroaniline1484.5 kJ mol~1), (*Gacid\ 1486.6 kJ
methyl phenyl sulfonemol~1), (*Gacid \ 1486.6 kJ

N-ethylaniline andmol~1), (*Gacid\ 1492.9 kJ mol~1)
N-methylaniline Mass(*Gacid\ 1495.8 kJ mol~1).
selection and collision-induced dissociation of each of
the proton-bound anions gave the individual mono-
meric anions as the only fragment ions. The products
arise by the two competitive dissociation channels
shown in Eqn (1). This behavior is illustrated by the
product ion spectrum shown in Fig. 1. The cluster ion
at 166 Th, comprised of urea and the reference com-
pound N-methylaniline, dissociates at 6 eV collision
energy and gives only two fragments which correspond
to deprotonated urea and deprotonated N-
methylaniline, respectively.

The relatively higher abundance of the deprotonated
urea ion indicates that urea releases the proton more
easily and, therefore, is more acidic than N-
methylaniline. Note that this conclusion depends on the
two competitive dissociations having similar entropies
of activation. However, Fenselau and co-workers14 and
Cerda and Wesdemiotis15 have published examples of
cases in which the reference compounds di†er from the
analyte and therefore, entropic e†ects on the competi-

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 943È949 (1998)



GAS-PHASE ACIDITY OF UREA 945

Figure 1. Product ion tandem mass spectrum of the mass-selected anion cluster at 6 eV collision energy withÍNH
2
CONHÉH½PhNCH

3
ÉËÉ

argon as collision gas.

tive dissociation reaction are large. As noted in the
Introduction, these cases can be recognized by the fact
that the ion abundance ratio changes with internal
energy. However, provided that the di†erence in the
entropies of dissociation *(*S) is constant, can*Hacidbe determined from the plot based on Eqn (4).

The fragmentation of a series of cluster ions, com-
prised of a reference acid and urea, yielded a set of
experimental abundance ratios ([A~][B~]). A plot of
ln([A~][B~]) vs. the known 298 K values for the*Gacid

reference compounds provided a calibration line with a
slope of and an x intercept which should corre-1/RTeffspond, from Eqn (2), to the gas-phase acidity value

Such a plot was generated from data taken at(*Gacid).three di†erent collision energies and the results are
shown in Fig. 2. The e†ective temperatures of the acti-
vated cluster ions are calculated from the slopes of the
three regression lines to be 372, 450 and 522 K, respec-
tively. These results reÑect the expected trend of
increased energy deposition with increased collision

Figure 2. Measured product ion abundance ratio vs . gas-phase acidities, of reference compounds at 2, 6 and 10 eVln(k
1
/k

2
) DG

acid
,

collision energy.

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 943È949 (1998)
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energy under single-collision conditions.41 From the
three regression lines, the gas-phase acidity of urea, i.e.

is estimated as 1490.0 kJ mol~1 for the data*Gacid ,
taken at 2 eV collision energy, 1490.5 kJ mol~1 at 6 eV
and 1492.5 kJ mol~1 at 10 eV. The small but appar-
ently signiÐcant change in is probably due to dif-*Gacidferential entropic e†ects, although the fact that the
measured values are based on the (298 K)*Gacid *Gacidvalues of reference compounds, whereas the tem-
perature of the activated cluster ion is considerably dif-
ferent from 298 K, might also have an e†ect. Therefore,
the free energy term, is expected to be obtained*Gacid ,
more accurately from and using the*Hacid *Sacidextended kinetic method, as discussed below.

The existence of a di†erential entropy e†ect on the
rates of the competitive fragmentations was tested using
a second set of plots of ln([A~]/[B~]) vs. *Hacid(ref ).The results are shown in Fig. 3. According to Eqn (3),
the gas-phase acidity of urea, i.e. is estimated*Hacid ,
as 1520.3 kJ mol~1 at 2 eV collision energy,
1520.9 kJ mol~1 at 6 eV and 1523.1 kJ mol~1 at 10 eV.
From these results, one concludes that entropic di†er-
ences in the two dissociation channels are indeed signiÐ-
cant and this precludes use of the simple kinetic
method, Eqn (2), to measure nor can be*Gacid , *Hacidobtained from the corresponding Eqn (3). Hence, the
entropic and enthalpic contributions to were*(*Gacid)separated using the double plotting method14,15 the
results of which are shown in Fig. 4. The slope (1/RT )
and intercept (*Gapp(urea)/RT ) of the plotln(k1/k2)against were measured at each collision*Hacid(ref)energy and replotted (Fig. 4). This plot was then used
to extract the value from the slope and*Hacid(urea)
the value from the intercept. The value of*(*Sacid)determined in this way is 1513.8 kJ mol~1. The*Hacidestimated overall uncertainty in this value is
^12 kJ mol~1, the major contribution being the acidity
values for the reference compounds which were report-

ed in the literature with a typical uncertainty of
10 kJ mol~1. Meanwhile, is determined to be*(*Sacid)[15.3 J mol~1 K~1, with an estimated measurement
uncertainty of ^2 J mol~1 K~1. The negative sign
indicates that deprotonation of urea release more
entropy than deprotonation of the reference com-
pounds, a result consistent with the constrained nature
of the anion. The average value of for the refer-*Sacidence compounds at 298 K is 101.1 J mol~1 K~1 with a
range from 92.7 to 109.5 J mol~1 K~1 and the di†er-
ence in these numbers yields an estimate of
85.8^ 8 J mol~1 K~1 for Combining*Sacid(urea).
these values and using *Gacid(urea)\ *Hacid(urea)

is calculated to be[ T *Sacid(urea), *Gacid(urea)
1488.2^ 14 kJ mol~1 at 298 K. This value for*Gacidurea is in excellent agreement with the value of
1487.4 kJ mol~1 from TaftÏs personal communication
in Ref. 10. It is also in good agreement with a value of
1489.1 kJ mol~1 obtained by extrapolation of the data
of Fig. 2 to zero collision energy. Note that the

value determined from the extended kinetic*Hacid(urea)
method, 1513.8^ 12 kJ mol~1, is in agreement with the
value of 1520.5 kJ mol~1 calculated by the G2 pro-
cedure, for which typical accuracies are better than
10 kJ mol~1.

The optimized structures of neutral, protonated and
deprotonated urea from G2 calculations are illustrated
in Fig. 5. It is obvious that deprotonation elongates
the CxO bond from 1.225 (neutral) to 1.260 (anion)Ó Ó
while the CwNH bond shrinks from 1.390 to 1.324 Ó
owing to resonance stabilization between the carbonyl
and amino groups in the anion. The charge is dispersed
over the whole anion so electrostatic repulsion causes
lengthening of the bond length to 1.488CwNH2 Ó
compared with 1.390 in the neutral. Thus, in compari-Ó
son with protonated urea,8,9 anionic urea shows much
stronger resonance e†ects in the C(O)wNH group,
which controls the acidity of urea. Furthermore, this

Figure 3. Measured product ion abundance ratio vs . gas-phase acidities, of reference compounds at 2, 6 and 10 eVln(k
1
/k

2
) DH

acid
,

collision energy.
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Figure 4. Plot of vs . used to determine from the intercept and from the slope.DG
acid
app (urea)/RT

eff
1/RT

eff
DH

acid
DS

acid

resonance e†ect is the predominant factor in determin-
ing the acidity of related amides. A similar phenomenon
is also observed in thiocarboxamides.48

Substitution e†ects on gas-phase acidity have been
widely studied.49h51 Three kinds of electronic substit-
uent e†ects, Ðeld/inductive (F), resonance (R) and pol-
arizability (P), generally contribute to the e†ects on
acidity. For example, comparison of the acidity of urea

and 1,1-dimethylurea(*Gacid\ 1488.2 kJ mol~1)
indicate that methyl substit-(*Gacid\ 1484.5 kJ mol~1)

uents cause a decrease in the value (i.e. an*Gacidincrease in acidity) due to changes in polarizability and
charge stabilization. Similar trends were found in
studies of the e†ect of alkyl substitution on the gas-
phase acidities of alcohols.39 Replacement of a hydro-
gen by a methyl group causes a decrease in the *Gacid

Figure 5. MP2(FU)/6–31G(d) optimized geometries and energies of neutral, deprotonated and protonated urea.

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 943È949 (1998)
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value of the alcohol through increased stabilization of
the alkoxide ion. The magnitude of this e†ect depends
on the position of the substitution relative to the charge
site.39,40 Comparing the acidities of urea and acetamide

one notes that replacement(*Gacid\ 1485.3 kJ mol~1),
of the amino group by a methyl group causes a small
increase in acidity. This can be attributed in part to the
increase in the ground-state energy of acetamide, which
makes it easier to remove the proton from neutral acet-
amide.

CONCLUSIONS

This study has demonstrated the applicability of the
kinetic method to the estimation of the gas-phase
acidity of urea. The kinetic method provides accurate
experimental values for reaction enthalpy (*H) and
entropy (*S), which then can be used to calculate the
Gibbs free energy (*G). The estimated gas-phase acidity

of 1513.8^ 12 kJ mol~1 is in good agreement(*Hacid)with that from G2 calculations. There are a number of
assumptions and uncertainties in the applicability of the
kinetic method which have been widely discussed. They
include the assumption that absolute rate theory can be
used to derive the kinetic method equations, the e†ects
of the non-Boltzmann distribution of internal energies
of the activated ions on their fragmentation behavior,
the fact that the kinetic method equations are limiting
equations which apply only when the excess energy per
degree of freedom is large compared with the critical
energies for the competitive dissociations and the conse-
quences of the di†erential entropic e†ects presented in
the Introduction.12h15 An important Ðnding in this
study is that the value of measured by applica-*Gacidtion of the simple kinetic method, Eqn (2), with extrapo-
lation to zero collision energy, 1489.1 kJ mol~1, is in
excellent agreement with the value of 1488.2 kJ mol~1
obtained by the extended method in which and*Hacidare used to determine This is so in spite*Sacid *Gacid .
of the fact that there is obviously a large di†erence in

entropies of the two competitive dissociation reactions.
Assuming a temperature of 298 K together with the

value of 1513.8 kJ mol~1, the entropy change,*Hacid is calculated as 81.5 J mol~1 K~1, which is*Sacid(urea),
close to the value of 85.8 J mol~1 K~1 determined from
the experiments. The 4.3 J mol~1 K~1 di†erence
includes some experimental error and may also be due
to the range of values of the reference acids (from*Sacid92.7 to 109.5 J mol~1 K~1). The average value*Gacidof 1491.0 kJ mol~1 from three di†erent collision ener-
gies obtained by using Eqn (2) is also slightly di†erent
from the value of 1488.2 kJ mol~1 at 298 K determined
from the extended method using Eqns (4) and (5). This
is one contribution to the di†erential entropic e†ects in
the competitive dissociations. In general, little error will
be introduced by using the *G values taken at 298 K
for the references in Eqn (2) if the entropy changes for
the two competitive dissociation channels are similar.52
However, if the entropy contributions are large, then
signiÐcant errors might be introduced by this approach.
Wu and Fenselau53 have reported the gas-phase basic-
ity of lysine of 930.1 kJ mol~1 obtained from directly
using Eqn (2), while a value of 938.5 kJ mol~1 at 300 K
was calculated from the measured proton affinity (PA)
and entropy di†erence, using Eqns (4) and*(*SH`),
(5). The relatively large di†erence between the two
approaches is ascribed to the large entropy contribu-
tions of strong intramolecular hydrogen bonding in the
protonated lysine.53 The fact that the e†ective tem-
perature of the activated dimer is signiÐcantly di†erent
from 298 K is a second, but probably minor, source of
error in these experiments, which applies whether the
original or extended kinetic method is used.
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