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Urea undergoes O-protonation in the gas phase to yield a product that is thermodynamically more stable than
the N-protonated isomer, as also is the case in aqueous solution. The proton affinity and gas-phase basicity
of urea, determined by using the kinetic method, are 843.5.0 and 841.6+ 5.0 kJ/mol, respectively.

These values are in excellent agreement with G2(MP2) calculations, which give /.4 kJ/mol. The

entropy requirements for the competitive dissociation channels of the proton-bound heterodimers of urea and
the chosen reference compounds are measured and lead to the conclusion that urea and these references have
almost equal protonation entropies(AS’) = 0.80 J/kmol). In comparison with proton affinities of acetone

and acetamide, the proton affinity of urea is understandably enhanced by resonance stabilization in both
neutral and protonated urea, and an upper limit to the PA value is established by a resonance saturation
effect. These considerations provide a basis for the explanation of some aspects of the reactivity of urea.

Introduction Based on the rates of competitive dissociation of mass-selected
) . ) . L cluster ions, the kinetic method has been successfully applied
Urea, the first synthetic organic compound, and its derivatives , 5 \yide range of chemical systems for the determination of
are of great industridland blomeQ|cél S|gn|f|cance. .Urea IS thermochemical properties, including proton affinity (and gas-
widely used to denature proteins in studies of protein foleling phase basicity}?a i metal-ligand dissociation energid&tf
unfolding equilibria, although the mechanism of urea-driven 4|y atomic cation affinity:! ionization energy? and electron
denaturation is not yet cleér.Hydrophobic interactions with affinity.1* The kinetic method has recently been used as a
nonpolar protein groups and hydrophilic solvation of the peptide q,ctyral probe to investigate steric effects and inter- and

groups of proteins are proposed to describe the interaction;nyamolecular interactions in dimeric iod%;16 and as a check
between urea with the target proteins. In contrast to extensive ¢ ion structural identity-09."

condensed-phase studies, which bear on the acid/base properties g, the purpose of the present study, a proton-bound
of ureas, little attention has been paid to gas-phase measurepgteradimer of a selected reference compound and urea, i.e.,
ments. Gas-phase photoelectron and microwave spectroscop)Bref_ --H*- - -urea, is generated by chemical ionization and
studies and, more recently, heats of formation determinaﬂonsdissociated by collision-induced dissociation as follows:

of urea and related compounds have been repéfteldemark-

ably, the proton affinity and gas-phase basicity of urea appear

. ! % BrefH* + urea
not to have been determined. Here, we report experimental y
values for these quantities using the kinetic method. The effects Bref--H*--urea k\\
of protonation on the electronic structure of urea are also ured™a yreaH+ + Bref

discussed in conjunction with its chemical reactivity. N
Over the last several decades, mass spectrometry has beefi€® krer and kurea are the rate constants for the competitive

proved to be an increasingly valuable experimental technique fragmentations of the activated cluster ion to yield" and

to explore the intrinsic reactivity of charged species by providing UreaH’, respectively. According to transition state thebfthe

reliable thermodynamic and kinetic data in the solvent-free ratio of the corresponding rate constants is given as

environment. The gas-phase basicity (GB) and proton affinity

(PA) of a molecule, defined, respectively, as the free energy In _

change and enthalpy change associated with deprotonation, are Kirea

fundamental properties that provide insights into the inter-

relationships between molecular structure, stability, and reactiv- whereQ,ef* and Ques are the partition functions of the activated

ity.® The equilibrium method, threshold energy collision-  dimers for the two unimolecular dissociation channels,&nga

induced dissociatiohjon exchange bracketirfgand the kinetic  ande° s are the corresponding critical energies. It is assumed

method?® are all utilized to measure thermodynamic data. The that the non-Boltzmann distribution of internal energies in the

kinetic method has the advantage of providing access to activated dimer ions can be represented by an effective

nonvolatile and thermally unstable compounds and applicability temperatureTes, which is the actual temperature of a Boltzmann

to various types of tandem mass spectrometers, although it isdistribution of activated dimer ions which fragments to give

an approximate method, which should be used with E&re. the same fragment ion abundance ratio as observed for the dimer

being dissociatetf If the reverse activation energies of the

* Author for correspondence. two channels are negligible or equéflyrea— €°ret = AH y+(ref)
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— AH°y+(urea) = APA, and InQre*/ Qures) is equal to the
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scanning Q3. Mass discrimination effects are minimized by

difference in entropy change for the two dissociation channels, using multiple reference compounds. The mass-to-charge ratios

viz. —A(AS++)/R, then eq 1 becomes

et _ TAMASH) | APA AGB _
kurea R RTeff RTeff
GB(ref) — BG(urea)

R 2)

Meanwhile, to extract the proton affinity of urea, eq 2 is
rewritten as

kref _ I:)Aref I:)Aurea ASH+(urea)— AS—H(ref)
kurea_ RTeff - RTeff - R (3)

In

are reported here using the Thomson unit (1=FH Da/unit
charge)°

Ab Initio Calculations

Standard ab initio molecular orbital calculations were carried
out with the G2(MP2) procedure without any symmetry
constraint in the Gaussian 94 set of progr@isAs the best
known of the precise theoretical models, Gaussian-2 (G2)
theory? is based on MP2= FU/6-31G* geometries using all
electrons, and the final total energies are calculated at the
MP4SDTQ/6-311G** level with corrections from higher level
calculations. In comparison with G2, the G2(MP2) program,
in which the basis-set-extension corrections are obtained at the

and the term in the brackets in eq 3 represents an apparent gadViP2 level, is less time-demanding and can still provide

phase basicity of urea, viz., G®urea), as defined by eq 4.

GB*Hurea)= PA(urea)— T A(AS,) (4)

thermochemical data which have been reported to show an
average absolute deviation of 6.6 kJ/mol from experimental
values??

This treatment is derived from the work of Fenselau and co- Results and Discussion

workers* and Wesdemiotis and Cerdanote that the quantity

on the right-hand side of eq 4 could also be considered as an

apparent PA since thit(AS) term represents a small correction

to the actual PA. Note also that the ratio of the rate constants

is taken as equal to the ratio of the abundances;gHB and

ureaH" in the product ion spectra of the proton-bound dimer.
Hence it is evident that the natural logarithm of the ratio of the
monomeric products is directly proportional to the difference 55 g72.4 and 810.9 kJ/mol

in gas-phase basicitieA(AG®), or proton affinitiesA(AH®),
on the condition tha\(ASy+) is zero. The former condition

can be satisfied by using chemically similar compounds as

references. On the other hand, provided t{NASy+) is
constant, one can measure boN{AS+) and A(AH®) by

Intrinsically, urea possesses two basic sites that might accept
protons to form either an ammonium ion (proton addition to
the nitrogen atom) or an oxonium ion (proton addition to the
oxygen atom). On the basis of the G2(MP2) calculations,
protonation at the oxygen atom is energetically more favorable
than protonation at the nitrogen atom of the amide group. The
proton affinities at the oxygen and nitrogen atoms are calculated
respectively. The optimized
geometries for urea and both oxygen- and nitrogen-protonated
urea are given in Figure 1. Upon protonation at the oxygen
atom, the bond length of-€0 increases from 1.225 A (neutral
urea) to 1.316 A (protonated urea), whereas theNCbond
length decreases from 1.390 A (neutral urea) to 1.326 A, and

recording collision-induced dissociation of the heterodimers at NCN increases from 11300 122.9 due to the effect of

multiple collision energies. This allowks, i.e., the internal

energy distribution of the cluster ion population, to be varied.
A plot of In(kei'kureg at each collision energy versus the proton
affinities of the reference bases yields a regression line whose

slope and intercept providEs and GBPRurea), respectively
(egs 3 and 4). Then, a plot of GBurea)RTes versus IR T
providesA(AS;+) (from the intercept) and the unknown proton
affinity of urea (from the slope).

Experimental Section

protonation induced charge redistribution. The ab initio results
are consistent with the crystal structures of Weaea nitrate??

and cocrystalline ureacarboxylic acid® and also with the
spectroscopic observation that on protonation at the oxygen atom
the CO stretching vibration is shifted to lower frequency and
the NCN symmetric stretching vibration is shifted to higher
frequency?” Although the structure of urea changes frG@n

to Cs symmetry upon protonation in the solid state, recent
theoretical studi€8 suggest that the isolated urea molecule in
the gas phase has two interconverting conformations @ith

All experiments were performed using a Finnigan TSQ 700 and Cs symmetries, respectively, and, symmetry urea is
triple quadrupole mass spectrometer (Finnigan MAT, San Jose,slightly more stable than th@& symmetry form. The structural

CA) with desorption chemical ionization (DCI). The temper-

difference in the gas phase and the solid-state phase environ-

atures of the ion source and the manifold were kept at 150 andments has been attributed to the presence of extensive hydrogen
70°C, respectively. All compounds are commercially available bonding in the solid stat¢.

(Aldrich Chemical Co., Milwaukee, WI) and were used without

To generate stable proton-bound heterodimeric ions, aceto-

further purification. Samples were prepared and introduced by phenone, acrylamiden-bromoaniline, 4-fluorobenzamide, di-

depositing a L aliquot of a mixture of urea and a reference

methylformamide, and benzamide were chosen as reference

compound in a methanol solution onto the rhenium wire filament compounds for determination of the proton affinity of urea.
of a direct evaporation probe. The temperature of the direct When subjected to low-energy collision-induced dissociation,

evaporation probe was raised from ambient to 3G0in 1.2

the heterodimers of the cluster ion, ref--Hurea, fragmented

min, where it was kept constant for 0.5 min before being raised readily to yield only the two corresponding protonated mono-

to 1200°C in 0.2 min to pyrolyze any remaining material.

meric components. This result shows (i) that loosely proton-

The proton-bound heterodimers of interest, generated in thebridged symmetric cluster ions are indeed generated and (ii)
source, were mass selected by using Q1 and dissociated in Q2hat the required rapid conversion between two protonated ion
at three different collision energies, 2, 6, and 10 eV with argon dipole complexes is satisfied: these are two key prerequisites
at a nominal pressure of 0.4 mTorr, which corresponds to single-to the application of the kinetic methd#l. A typical product

collision conditionst® The abundances of the fragment ions

ion mass spectrum, that for the acrylamide®-Hirea cluster

were measured from the product ion MS/MS spectrum by ion, is shown in Figure 2. The proton affinities, gas-phase
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Figure 1. Optimized geometries of neutral, N-protonated, and O-protonated urea.

TABLE 1: Proton Affinities, Gas-Phase Basicities, and Natural Logarithm of Protonated Monomer Abundance Ratios from
Dissociation of Heterodimer$

IN(Krer'Kured
reference PA, kJ/mol GB, kJ/mol 2eV 6eV 10 eV
acetophenone 861.6 829.7 —3.90+ 0.13 —3.61+ 0.15 —2.86+0.12
acrylamide 870.4 839.4 —0.98+ 0.06 —1.09+ 0.15 —0.74+0.03
m-bromoaniline 873.2 841.4 0.42 0.05 0.48+ 0.04 0.81+ 0.05
p-fluorobenzamide 877.4 846.0 2.370.07 2.02+ 0.04 1.614+0.04
dimethylformamide 886.2 855.2 3.290.08 2.64+ 0.05 1.94+ 0.06
benzamide 891.5 860.0 5.380.11 4.44+ 0.08 423+ 0.18

2 Proton affinities and gas-phase basicities are adopted from réfAssolute errors are estimated over multiple replicates.

acrylamide--H*--urea kJ/mol at 6 eV, and 841.3 kd/mol at 10 eV. The fact that the
- 132 gas-phase basicity of urea shows little dependence on the
x20 collision energy indicates thaf(ASy+) is very small or

i negligible. Therefore, the average value gives the gas-phase
basicity of urea as 841.4 5.0 kJ/mol. As a relative method,
the kinetic method can be used to distinguish small differences
in thermochemical quantities (abatifl.0 kJ/mol), although the
ureaH* . . .

61 error limits of the absolute values are larger than this, due chiefly
to the uncertainty in the proton affinity, gas-phase basicity, or
acrylamideH* other thermodynamic values of the reference compotihtfs.

. 72 Since the proton affinity and gas-phase basicity values of
J reference compounds used in the present study were reported

: ] , : : : , with a typical error of 5 kd/mol, the proton affinity and gas-

40 60 80 100 120 140 160 phase basicity of urea cannot be measured to much better than

m/z, Thomson 5 kJ/mol neglecting the error reduction effect of multiple
Figure 2. Product ion spectrum of proton-bound dimer acrylamide- reference compounds.
-H*- -urea dissociated at 6 eV collision energy.

Relative Abundance

The corresponding effective temperatures of the activated
basicities, and natural logarithms of the intensity ratios of the Cluster ions are also calculated from Figure 3 and found to be
protonated monomers formed from the corresponding hetero-410, 476, and 569 K, respectively. As mentioned in the
dimers at 2, 6, and 10 eV (laboratory frame of reference) are Introduction, Tert is a measure of the internal energy of the
listed in Table 1. activated cluster ions; it is more precisely defined as the excess
According to eq 2, plotting the lki¢/kue) values from the internal energy per degree of freedémThe results reflect the
MS/MS experiments versus gas-phase basicities of the referenc&xpected trend of increased energy deposition with increased
compounds should provide a linear regression line whose slopecollision energy from 2 to 10 eV under single-collision
and intercept yield the effective temperature and gas-phaseconditions!®~19
basicity of urea (Figure 3). From the three regression lines, To deconvolute the entropy contribution to the gas-phase
generated at three different collision energies, the gas-phasebasicity of urea from the enthalpic term, a set of plots of In-
basicities of urea are measured as 841.5 kJ/mol at 2 eV, 842.1(k/kuregd Was made against the proton affinities of the reference
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Figure 3. Natural logarithm of the ratios of the protonated monomersdii(.<9 versus gas-phase basicities of reference bases: (a) Z.gV¥(
410 K), (b) 6 eV Ter = 476 K), and (c) 10 eVTer = 569 K).

bases. It is displayed in Figure 4, and according to eq 3, the to be slightly larger than that for protonation of the reference
slope and intercept of this plot provide the effective temperature bases: the molecular symmetry of urea is changed fBanto

of the activated dimers and the apparent gas-phase basicity othe lower Cs symmetry upon O-protonation (based on solid-
urea (i.e. AG®q,,°(urea) defined in eq 4). The resulting values state results) and two-€N rotors are frozen. This is so even
are collected in Table 2. Based on these data, a second plot othough the result lies within the experimental error of the
AG#Ry+°(urea)RTes Versus 1IRTe was constructed to extract measurement. (Note that in the dissociation of dimers formed
the proton affinity of urea from the slope and the difference in by chemically similar ligands, rovibrational entropy is the major
the relative entropy change upon the cleavage of urea-ard contributor toA(AS4+) and its magnitude is mainly dependent
reference- -H bonds within the cluster ions, ViA(AS;+), from on the number of restricted internal rotors in a ligand due to
the intercept. The excellent linear correlation of the latter plot protonation.}>32 In summary, at 298 K, the entropy change
(R? =0.9999), shown in Figure 5, is expected, given the nature upon protonation of urea\G;+°(urea)) and the heat of formation

of the plot, provided thaA(AS4+) is constant. This constancy of protonated urea are estimated to be 10#.2.0 J/(K mol)
confirms that the reference bases are chemically similar to eachand 421.04+ 5.0 kJ/mol AH:°(urea)= —235.51+ 1.21 kJ/
other, and the small value @f(AS4+), 0.80 J/(Kmol), demon- mol, AH*(H*) = 1530.0 kJ/mol). It is possible to cross-check
strates that the similarity extends also to urea. The proton the kinetic method results using GBPA — TASand literature
affinity of urea is then measured to be 873:%.0 kJ/mol. The value®® of the protonation entropyAS+(ref). The measured
small and nearly negligiblA(AS+) value (experimental error  PA(urea)= 873.5+ 5 kd/mol,A(AS) = 0.80 J/(K mal), and
limit is £2.0 J/(K mol) suggests that each of the reference the averagéSer = 105.4 J/(K mol) at 298 K yield a calculated
compounds and urea are monocoordinated to the proton withoutgas-phase basicity of urea of 84195 kJ/mol. This result is
intramolecular hydrogen bonding within the hydrogen-bridged in excellent agreement with the experimental value of 841.6
dimer ions or the product protonated monomers. Although the 5 kJ/mol.

kinetic method actually measures the relative activation entropy  The large increase in proton affinity on going from acetone
difference in two competing dissociation channels, WA S 1+), (PA = 812.0 kJ/moB?® to acetamide (PA= 864.0 kJ/moB?® is

if the dissociation of the loosely bonded cluster ion goes through mainly due to resonance stabilization by the amine group
a product-like transition staté&(AS*+) is then very similar to attached to the carbonyl group in both neutral and protonated
the corresponding relative dissociation entropy, VWMASy+). urea. Upon protonation at the amide oxygen atom, enhanced
For cluster ions formed by a monodentate ligand with a bidentate resonance effect increases the partial negative charge on the
ligand, the value oA(AS) was estimated to be larger than 10 oxygen atom and partial positive charge on the nitrogen atom
J/(K mol) in the studies of Na 1% and H" 3! complexation and strengthens the tendency of the amide group to participate
reactions. The entropy loss upon protonation of urea is expectedin bridging with surrounding moleculés. When the methyl
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Figure 4. Natural logarithm of the ratios of the protonated monomersdfi(.e9 versus proton affinities of reference bases: (a) 2 €¥ € 403

K), (b) 6 eV (Te = 467 K), and (c) 10 eV Ter = 558 K).

280
R?2=0.999994
260 Slope =873.5
Intercept =-0.0965 2 eV
240
&
=2
¢\4 220
) 200
£ 10 eV
Y= 180-
160
140 T T T
0.16 0.2 0.24 0.28 0.32
1/RT,;

Figure 5. Plot of AG#R+°(urea)RTer versus 1R Ters for heterodimers
ref- -H*- -urea.

TABLE 2: Effective Temperatures T and Apparent
Gas-Phase Basicities of Urea Extracted from Figure 4

collision energy Tert, K AH#R+°(urea), kd/mol
2eV 403 873.1
6eV 467 873.2
10 eV 558 872.7

cates that upon O-protonation, the positive charge is mainly
localized in C(O)NH; and not on the central carbon atom,
which is consistent with the results of studying substituent
effects on the proton affinity (PA) in the gas ph#sand basicity
(pKgh-+) in the solution phase of benzamid&sTherefore, the
proton affinity of urea is governed by both resonance stabiliza-
tion and resonance saturation effects, and the acidity of amine
groups of urea is enhanced upon O-protonation.

Conclusions

The proton affinity and gas-phase basicity of urea with
O-protonation are determined to be 8735%.0 and 841.6+
5.0 kd/mol, respectively, by using the kinetic method. N
values measured by the kinetic method were checked by
combining the measuredH values andA(AS) values with
literature values of the entropies of protonation of the reference
compounds, and excellent agreement was found. In the gas
phase, O-protonated urea is thermodynamically more favorable
than the N-protonated isomer, which is consistent with condensed-
phase studies, and the corresponding proton affinities of urea
are calculated with G2(MP2) methodology to be 872.4 kJ/mol
at oxygen and 810.9 kJ/mol at the nitrogen atom, respectively.
Although neutral urea has three near-degenerate lowest molec-
ular orbitals ¢(4b) ~ 7(1la) ~ 7(2by)), product ion stability
considerations indictate that it is mainly the first, that containing
the oxygen lone pair, that is utilized to bind the proton. The
constant and nearly negligible entropy differend¢AS+°) =

group of acetamide is replaced by a second amine group, a muct.80 J/(K mol) associated with the two competitive dissociation
smaller increase in proton affinity from 864.0 kJ/mol (aceta- channels of the activated proton-bound cluster ions formed by
midey® to 873.5 kJ/mol (urea) results, showing the effect of the reference bases with urea provides additional experimental

resonance saturatiéf. This resonance saturation effect indi-

evidence for preferential protonation at the oxygen atom. The
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